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A BS'I'RACT 
T w o  rap id  s c a n  radar /d ispLay techniques (P  3 I Pr C B R S )  w e r e  developed 
and demons t r a t ed ,  uti l izing the benefi ts  of c a c h  technique  t o  p rov ide  a 
p i c to r i a l ,  ve r t i ca l ,  l i n e a r  pe r spec t ive  d isp lay  of a landing a r e a  and  the  
t e r r a i n  preceding  and su r round ing  il. T h e  resu l t ing  d isp lay  is in tended  
to  bc used  i n  the p e r f o r m a n c e  of a i r c r a f t  landings unde r  condi t ions of 
z v r o  vis ibi l i ty  and zc\ro cei l ing and without the need fo r  coope ra t ive  
ground equipment .  
An in t roduct ion  to mot ion  cue  guidance is  deve loped  as  a technique for 
designing r a d a r ,  compar ing  r a d a r / d i s p l a y  r e s u l t s  wi th  n o r m a l  vis ion,  
gaining insight  i n to  the  expe r i ence  of landing a n  a i r c r a f t ,  and drawing 
a t ten t ion  t o  the difficult  t a s k  of visual  landing a s  wel l  a s  poss ib l e  
so lu t ions  which could l e a d  to an in s t rumen t  landing capabi l i ty  "be t t e r  
than visual".  
Th i s  f ina l  r epor t ,  t oge the r  with addendums and r e f e r e n c e s I  c a n  be 
used  as a concept  des ign  guide  for low l e v e l  flight, specif ical ly ,  
a p p r o a c h  t o  landing and touch down. 
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1 .  SUMMARY 
Thi s  F i n a l  Rvpor t  (Volume I), together  with the Addendum (Volume LI), is 
the f i r s t  a t t empt  by the A i r b o r n e  Rada r  P r o g r a m  pe r sonne l  of Lockheed  
E l e c t r o n i c s  Company to  a s s e m b l e  in one published r e p o r t  the concept  of 
using long wave ( r a d a r )  vis ion to  produce  a p ic tor ia l ,  l i n e a r  p e r s p e c t i v e  
d i s p l a y / r a d a r  through techniques such  a s  the  P31 ( P r o c e s s e d  PPI) and CBRS 
( C r o s s  B e a m  Ras ter  Scan). This  r epor t ,  as  outlined by the  s u m m a r y ,  is 
intended as a concept  des ign  guide for  low l eve l  flight, specif ical ly ,  a p p r o a c h  
to landing and touchdown. 
1 .  T h e  intent  of this  study p r o g r a m ,  as  defined by Con t rac t  NASL-4091 , is 
" to  conduct a study of the feasibi l i ty  of a r a d a r  d i sp l ay / sys t em f o r  landing 
o f  a i r c r a f t  under conditions of z e r o  visibil i ty and  zero cei l ing without the 
a id  or  need of ground ins t rumenta t ion .  
a r a d a r  display which would p r e s e n t  the pilot the  ava i lab le  landing c u e s  i n  
The  display d e s i r e d  was  p i c to r i a l  - 
a f o r m  with which h e  is  a l r e a d y  f ami l i a r .  T h e s e  object ives  have  been  me t ,  
as  d e m o n s t r a t e d  bv F i g u r e s  7, 58, and 59. F i g u r e s  58 and  59 a r e  examples  
of the r ada r /d i sp lay  achieved by u s e  of a r a p i d  scanning antenna ( the  
V a r i a b l e  Ridge Scanning Antenna) and c i r c u i t r y  f o r  p r o c e s s i n g  the r a d a r  
da ta  in to  a p i c to r i a l  p e r s p e c t i v e  display,  d e s c r i b e d  in  Sec t ions  6 a n d  7. 
F i g u r e  7 is f r o m  t h e  first f l ight-demonstrat ion film of the  Lockheed  
E l e c t r o n i c s  Company P I r a d a r ,  accompl i shed  by opt ical  p r o c e s s i n g  
( r a t h e r  than the  e l e c t r o n i c  p rocess ing  of F i g u r e s  58 and  59) of m o v i e s  of 
t h e  Lockheed  Ro to r  Blade  Antenna Rada r .  
F i g u r e  7 was  r e a l - t i m e  f l ight  da ta ,  data p r o c e s s i n g  took place i n  the  
l a b o r a t o r y .  It is r e c o m m e n d e d  that  a follow-on phase  be pu r sued  t o  
i m p l e m e n t  a real- t i r r ie  fl ight demons t r a t ion  of th i s  r a d a r - d e r i v e d  p e r s p e c -  
t ive  display.  
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Although the r a d a r  da ta  f o r  
Note - R e f e r e n c e s  a r e  l i s t ed  in  Section 9, Volume I. -
1 
S c . c . t i o i i  5 i s  ;I 11 intt-odrtctiun t o  niijtioii c i i c i  guitlanco ;LS a technique f o r  de -  
s i  gliing rad;\ r ,  c oiiipar ing r a d a  r ,'dis play r c s tilt s with iior i i i , i l  v i s  ion , 
iiisight into thc  c.spc.rience of landing an ;tirc.rat't, and  drawing  a t t en t ion  t o  
the. diii i t .ult  t a s k  of v isual  landing a s  wcll  a s  p o s s i b l e  so lu t ions  which could 
l c ~ n c l  t o  a11 ins t ru i>icn t  landing capabili ty whic ti is t'bcxttt,r t han  v isua l .  1 1  
gaining 
1ncliidc.d with th i s  r e p o r t  a r e  two Adciendiinis which Lxscerpt two unpublished 
r e p o r t s  p r e p a r e d  i n  196.2 and  1965. 
t h e  r e f e r e n c e s ,  a r e  i n t r i n s i c  t o  a full  understanding of the concepts  p r e s e n t e d  
and  of c u r r e n t  and  f u t u r e  des ign  planning. 
T h e s e  addendunis,  as  we l l  as  s e v e r a l  of 
E x c e r p t s  from: J a n u a r y  13 ,  1965,  L e t t e r  R e p o r t ,  L R S T P  P r o j e c t  4 -461-60 ,  
to  Depar tment  of 
461; f r o m  D. W .  
IN T R  ODU C T ION 
The  L R S T P  P r o j e c t  r c p o r t  is a n  
the Navy,  ONR,  Washington, D . C . ,  Code 
Young 
mpor tan t  r e f e r e n c e  which w a s  not published,; 
e x c e r p t s  from i t  a r c  included below. 
e n c e s ,  a n d  19 c.omments by the author concern ing  the usage  of a d i sp lay  such 
A S  tht' P I and CBRS v t r t i c a l  d i s p l a y / r a d a r  as  examples  of long wave  v is ion .  
1'hc xila-ioi-ity o! thc text  r e l a t e s  common e x p e r i e n c e  with r e q u i r e m e n t s  for 
r-zjoll i t ion,  a t t i tude  sens i t i v i ty ,  t e x t u r e ,  beamwidth ,  and o t h e r  p a r a m e t e r s  
[~.;cd to des<- r ibe  long wave v is ion .  While t h e s e  e x c e r p t s  w e r e  p r e p a r e d  in  
1965 and  s o m e  changes  have  o c c u r r e d ,  the  r e p o r t  p rovides  a n  exce l l en t  base 
froi i i  which t o  gain insight in to  p r o g r e s s  leading to  the F i n a l  R e p o r t .  
T h e r e  a r e  quotations f r o m  14 refer-  
3 
Refe rence  ( 1 )  
C h a r l e s  A. Zweng and Allan C .  Zweng, "Radio and  I n s t r u m e n t  Flying",  
18th Rev i sed  Edi t ion,  P a n  A m e r i c a n  Navigation S e r v i c e ,  1963 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
THE AIRPLANE OUT O F  CONTROL 
p. 34 A s  a g e n e r a l  r u l e ,  the a i rp l ane  wi l l  get out of con t ro l  only in a t u r n ,  
or m o r e  e s p e c i a l l y ,  in  a downward s p i r a l .  
RECOVERY FROM A S P I N  
( 1-2  - 3  Method) 
- - _ _  
p. 39 One f a c t o r  that  is often overlooked d u r i n g  the  d i s c u s s i o n  of s p i n s  and 
the r e c o v e r y  f r o m  t h e m  dur ing  i n s t r u m e n t  f l igh t  is the  fact tha t  the 
g r e a t e s t  dange r  to  a pilot flying o n  i n s t r u m e n t s  i s  not a sp in  but a 
t i gh t ,  h igh-speed ,  diving s p i r a l .  In a n  a t t e m p t  t o  c o r r e c t  f o r  e x c e s -  
s i v e  a i r s p e e d  p r e s e n t  in a "graveyard  s p i r a l " ,  a n  inexper ienced  
pi lot  pu l l s  back  on the s t i ck  which h a s  the effect  of i n c r e a s i n g  the 
bank and t ightening the s p i r a l  with a r e su l t i ng  i n c r e a s e  i n  the  a i r -  
i p e e d  r a t h e r  than the  expected d e c r e a s e .  
3 
1 ) -  $ 0  I r ~ ( 1 i v i t l i i ; i I  l i s ( '  0 1 .  I I I (% ( ' o t i ~  1.01s i t ]  ~ l r c ,  
( ~ i f c : ~ . ~  O I I  ; t i 1  ( i i  t * i > I ; i i i c ,  i t )  11iis positiot1 (gr;ivc'y;i I-<I sp i r t i l ) .  WIic:n the 
gy ro -hor i zon  i s  being u s e d ,  a "gravc>yard s p i r a l "  i s  e a s i l y  r e c o g -  
1iizv.d as the min ia tu re  a i rp l ane  wil l  be posi t ioned w e l l  below the 
horizon b a r  and in  a s t e r p  bank. 
indication of the dange rous  at t i tude of the a i r p l a n e  and  a l s o  shows 
the  p rope r  method of r e c o v e r y :  r e tu rn ing  the a i r p l a n e  to s t r a i g h t  
and lrlvel f l i g h t  by the p rope r ly  c-oorclinated use  of the  c o n t r o l s .  
1 - 2 -  3 o t * ( l ( , ~ -  I ~ ; I s  , I  vt.1-y s l o w  
T h i s  g ives  a n  i n s t an taneous  v i s u a l  
p .  40 Whilc the "full panel"  method i s  \indoubtedly e a s i e r  and  the  pe r iod  
of t ime r equ i r ed  to l e a r n  to "f ly  on i n s t r u m e n t s "  is  cons ide rab ly  
less when u s e  of the  gyro-hor izon  i s  a l lowed,  thcl FAA does  not a t  
the  p r e s e n t  t i m e  allow the  use  of the gy ro -hor i zon  du r ing  the f l ight  
t e s t s  ( p a r t  of: D .  Y . )  f o r  a n  i n s t r u m e n t  r a t ing .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R e f e r e n c e  ( 2 )  
" F e d e r a l  Aviation Regula t ions  f o r  P i l o t s " ,  P a n  A m e r i c a n  Navigat ion 
S e r v i c e ,  Sep tember  1964. 
p.  18 
p. 40 
4 
6 1 . 3 7  In s t rumen t  ra t ing:  sk i l l  r e q u i r e m e n t s ,  ( 2 )  P h a s e  II- 
Instrt inicnt flying t e s t :  ( i )  S t r a igh t  and l eve l  f l ight ,  using need le ,  
h l l ,  and  a i r s p e e d  only.  ( i i )  T u r n s ,  c l i m b s ,  and d e s c e n t s ,  using 
n c ~ c d l c ~ ,  ba l l ,  and airspec-d only.  
__ 
~ - 
E R R O R S  IN TURNS 
T h i s  s l igh t  p r e c e s s i o n  du r ing  a t u r n  wi l l  i n t roduce  a "bank" e r r o r  
caus ing  the in s t rumen t  to  indicate  s l igh t ly  l e s s  than the a c t u a l  d e -  
g r e e  of bank du r ing  a t u r n ,  and in  s o m e  c a s e s  a f t e r  l eve l  f l igh t  h a s  
been r e s u m e d ,  i t  m a y  even  ind ica te  a s l igh t  bank in  the opposi te  
d i rec t ion .  Th i s  e r r o r  r a r e l y  e x c e e d s  6" and consequent ly  i s  S O  
s m a l l  that  i t  wi l l  c a u s e  no s e r i o u s  e r r o r  i n  the  c o n t r o l  of the  a i r -  
plane,  
The same e f f e c t  c a u s e s  the ho r i zon  b a r  to  d ip  s l igh t ly  below i t s  
n o r m a l  posit ion f o r  l eve l  f l ight .  
hor izon  b a r  i s  s e l d o m  disp laced  m o r e  than i t s  own width ( p e r h a p s  
2 . 5 " :  D . Y . )  
The "pitch" e r r o r  is s l igh t  and the 
INSTRUMENT LANDING SYSTEMS 
p .  7 7  ILS Loca1izt.r: The  pointer  is  vc'ry sens i t i ve  and wi l l  give a ful l -  
s c a l e  def lect ion when the  a i r c r a f t  is 2.  5" to e i t h e r  s ide  of the  on- 
c o u r s e .  
s c a l e ,  the a i r c r a f t  wi l l  land on the runway ( a  width of 1. 244" e r r o r  
width capabi l i ty  with safety:D. Y .  ) 
If the pointer  is no f a r t h e r  off c e n t e r  than  o n e - q u a r t e r  
Since the glide path c o u r s e  is much s h a r p e r  than t h e  l o c a l i z e r  
c o u r s e  ( l e s s  than  1.  5" f r o m  "full up ' '  to "full down" on  the  i n s t r u -  
m e n t ) ,  it is  n e c e s s a r y  that  the  a i r c r a f t  be  a l igned  a c c u r a t e l y  on the 
glide path a t  s o m e  d is tance  f r o m  the  f ie ld .  
r ec t ions  a r e  poss ib le  n e a r  the ground. (L.  A.  In t e rna t iona l  r e p o r t s  
1 .4"  ful l  s c a l e  width of glide s lope .  ) 
Only v e r y  m i n o r  c o r -  
MAKING A GCA PRECISION APPROACH 
p. 50 GCA ( R a d a r  Ground Cont ro l  Approach)  r a d a r  h a s  two beams, each  
( T w o  scans / second  l i m i t s  the tu rn ing  rate of a i r c r a f t :  20" x 0 .5" .  
D . Y . )  
p. 51 Heading c o r r e c t i o n s  are  given in t h r e e  d ig i t s .  ( C o m m a n d e r  R o b e r t  
F. Lawson  of the Office of Naval  R e s e a r c h ,  P a s a d e n a ,  C a l i f o r n i a ,  
indicated the expe r i enced  c o n t r o l l e r s  usua l ly  provide  h i m  2" heading 
changes  and he  h a s  t o  in te rpola te  on h i s  gyro  i n  the  a i r c r a f t  b e c a u s e  
h i s  gy ro  i s  ca l ib ra t ed  in  5" i n c r e m e n t s . )  ( I  think m o s t  gyros a r e  
c a l i b r a t e d  in  5" i n c r e m e n t s ;  D. Y .  ) 
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INSTRUMENT E'LY ING 
I 
p .  510  1 1 .  3 0  I'ACAN B e a r i n g  Inforrnr\tion: The a i r b o r n e  r e c e i v e r  i n e a s -  
U I - C ' ~  thc  t ime  differ en ti;^] b c ~ t w r ~ c ~ n  t h c x  phase  of the  si gna l ,  giving 
bea r ing  informat ion  which is a c c u r a t e  to within 5 1 " .  
I 
- --- 
TECHNIQUE AT NIGHT 
p .  359 Many p i lo t s  p r e f e r  t o  land on l ighted runways  without us ing  landing 
l ights :  When h a z e ,  s m o k e ,  r a i n ,  snow,  o r  f o g  o b s t r u c t  v i s ib i l i t y ,  
ref lect ion r e n d e r s  landing l ights  m o r e  of a h inde rance  than a he lp  
. . . . . By main ta in ing  a c a r e f u l  a p p r o a c h  s p e e d ,  and by  looking wel l  
ahead of the  a i r c r a f t  to  i m p r o v e  depth pe rcep t ion ,  round-out  and  
landing w i l l  p r e s e n t  no s e r i o u s  h a z a r d .  A l i t t le  power  c a r r i e d  
through roundout and touch-down wi l l  i n s u r e  m o r e  cons i s t en t ly  
smooth landings .  
I 
1 
FINAL APPROACH CUES 
I' * 3 2 0  Aiming Poin t  
The  point toward  which the a i r c r a f t  is se t t l i ng  wi l l  be t e r m e d  the  
"aiming point". 
a p p e a r s  to  be s t a t iona ry .  
is no except ion.  
point do a p p e a r  t o  move  as  the d i s t a n c e  is c l o s e d ,  and  they  a p p e a r  
to  move in  opposi te  d i r ec t ions .  
T o  a pilot  moving s t r a i g h t  t oward  a n  o b j e c t ,  it 
It does  not "move".  The  a i m i n g  point  
But ob jec ts  in  f ron t  of and beyond the a i m i n g  
p. 321 Altitude Clue 1 
During a cons t an t  gl ide,  the d i s t ance  be tween ho r i zon  and a i m i n g  
point wi l l  a p p e a r  cons tan t  (no  r e l a t ive  mot ion ) .  If the  a i m i n g  point 
that  should r e s u l t  f ro in  a glide h<is  been  d e t e r m i n e d  but the d i s t ance  
bebvcen the point and the hor izon  a p p e a r s  t o  i n c r e a s e ,  then the glide 
\vi11 c a r r y  the a i r c r a f t  f a r t h e r  than f i r s t  thought ,  and  the  r e a l  
0 
. .  a i n i j n g  poi tit is f a r t h e r  down ?!I(, runu 'ay.  
L h c .  hor izon ind ica tes  an actual a iming  point s h o r t  of d e s i r e d .  T h i s  
i s  onc. M a y  you can  clr,terminc \ \ h ( ~ t h c - r  your  g l ide  is  c o r r e c t  o r  not.  
Many pi lots  do not r e a l i z c  that they use th i s  technique,  but they do.  
! h c r e z s e d  c!istance below 
Alti tude Clue 2 
A second r e l a t e d  cue as  t o  c o r r e c t  hcight on f ina l  a p p r o a c h  i s  in  the  
appa ren t  shape  of the runway. 
bcconics appa ren t  kvhcn a pilot Lvho is  used  t o  ope ra t ing  f r o m  a r u n -  
way of n o r m a l  d imens ions  cncoun te r s  a g r a s s  f ie ld  or runway tha t  
is v e r y  narro\\r o r  ve ry  wide.  
a l t i tude  until  he l e a r n s  to  accommodate  t o  the new p ropor t ions .  
The  i m p o r t a n c e  of runway shape  
He will  have t roub le  wi th  his gl ide 
U s e  of Clue 1 & 2 
In  a p ro jec t  under taken  a t  the Univers i ty  of I l l ino is ,  s tuden t s  w e r e  
br ie fed  on u s e  of the  a iming  point and runway shape  c u e s .  
w e r e  intoduccd t o  u s e  of t hese  c u e s  i n  a modif ied L ink  i n s t r u m e n t  
t r a i n e r  as  a flight s i m u l a t o r .  
expe r imcn ta l  g r o u p  of s tudents  r e q u i r e d  6 1 "/b f e w e r  p r a c t i c e  a p -  
p roaches  in  a c t u a l  f l ight  p rac t i ce  of landing a p p r o a c h e s ;  
m a d e  74'jL fewtkr e r r o r s  during the flight p h a s e  of the  opera t ion .  
They 
Af ter  p r a c t i c e  i n  the  s i m u l a t o r ,  the  
and they 
Obs tac le  Avoidance 
What about poplar  t r e e s  and power  lines'? 
ano the r  poss ib l e  "aiming point". 
of vision, tha t  i s  what i t  is. 
the " c r a s h "  point;  
If the  obs t ac l e  m o v e s  up toward  the a iming  point, you wi l l  not g e t  
T r e a t  the  obs tac le  a s  
If i t  does  not move  i n  o n e ' s  ang le  
(Some p i lo t s  call t he  "aiming" point 
pe rhaps  the l a t t e r  t e r m  is m o r e  a p p r o p r i a t e  h e r e . )  
ove r  i t  i n  your p r e s e n t  glide.  
zon and a iming  point, even to  a ba re ly  not iceable  d e g r e e ,  you wi l l  
If i t  m o v e s  down away f r o m  the h o r i -  
ge t  o v e r  i t  without changing the g l ide  angle .  
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i l i i  , ipproacIi wi l l  be coiisidvred to  be sue-ccssful i f ,  when the a i r -  
c r ' i f t  r e a c h e s  the 1 0 0  f t .  a l t i t ude ,  i t  i s  i n  t r i m  so i t  could continue 
and land ,  the indicated a i r s p e e d  and heading a r c  su i tab le  f o r  a 
norma l  f lare  and  landing and the aircraft is posi t ioned within the 
l a t e r a l  confines  of the runway extended.  
deviation froim the  glide s lope d o e s  not exceed  7 5  m i c r o a m p s ,  a s  
m e a s u r e d  by the ILS ind ica to r  ( c o r r e s p o n d i n g  to  one  dot  d i s p l a c e -  
men t  from c e n t e r  on newer  i n s t r u m e n t s )  and tha t  no unusual  rough-  
n e s s  o r  e x c e s s i v e  a t t i tude  changes o c c u r  a f t e r  a i r c r a f t  h a s  left the 
mid  clle ma Y ke r . 
A l s o  r e q u i r e d  i s  tha t  tlie 
(Lloyd Al len  of D .  Young & Assoc .  found 7 5  m i c r o a m p e r e s  provided 
c3 one dot def lect ion on a U .  S. A r m y  ind ica to r  1 - 10 I C  , and L. A. 
Internat ional  A i r p o r t ,  Ca l i fo rn ia  sugges ted  ful l  s c a l e  on the ILS 
glide s lope w a s  k 0 . 7 " .  
in the m i d d l e ,  o r  7 5  m i c r o a m p s  would provide a c o r r i d o r  of 0.  56" 
width.)  ( B u s i n e s s  Week,  Dec.  19 ,  1964,  McGraw Hi l l ,  p. 96: 
Category  11: 
One dot t o  e i t h e r  s i d e  of the small  c i r c l e  - 
100 f t .  c e i l i ng  and 1200 ft .  v i s ib i l i t y  down runway. )  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Refe rence  ( 5 )  
Depar tmen t  of the A r m y  Technica l  Manual  ( T M  55-1520-211- lo) ,  
" O p e r a t o r ' s  Manual A r m y  Models  U H -  1A and U H -  1R Hel icopters" ,  Dated 
F e b r u a r y  1 ,  1963, changed J u n e  1 ,  1063, changed Oc tobe r  1 ,  1963 
Chap.  I O  
1' * 2 - 4  Section 11, Al l  Wea the r  Opera t ions  
F o r  all p i tch  and bank c o r r e c t i o n s ,  u t i l i ze  the a t t i tude  i n d i c a t o r .  
Do not exceed  a one bar width pitch c o r r e c t i o n  f o r  m i n o r  a l t i tude  
changes and . l i rn i t  the  angle  of bank i n  t u r n  to  15" .  
Ins t rument  approaches  a r e  e a s i l y  flown in th i s  h e l i c o p t e r .  
comiiiencing tlie a p p r o a c h ,  have the  a t t i t ude  ind ica to r  p r o p e r l y  s e t .  
B e f o r e  
p. 2-2 V e r t i c a l  t ake-of fs  are  not compat ib le  with and a r e  not r e c o m m e n d e d  
f o r i t i  s t r urn en t c ondi t ion s . 
I n s t r u m e n t  c l imb :  Excerp t :  A n y  pi tch a t t i tude  c o r r e c t i o n s  should 
not exceed  one b a r  width.  
20 d e g r e e s .  
The  angle  of bank should n e v e r  exceed  
I n s t r u m e n t  C r u i s i n g  Fl ights :  A s  p rev ious ly  men t ioned ,  the cons t an t  
d i l igence  r e q u i r e d  t o  conduct i n s t r u m e n t  f l igh t  p roduces  pi lot  fa t igue .  
Th i s  is e spec ia l ly  t r u e  o n  long m i s s i o n s . .  .Upon e s t ab l i sh ing  the  
r e c o m m e n d e d  c r u i s e  speed,  the a t t i tude  ind ica tor  should be  s e t  f o r  
a nose  l eve l  indicat ion.  T h e r e a f t e r ,  any  pi tch o r  bank c o r r e c t i o n s  
should be  m a d e  utili7.ing the a t t i tude  ind ica to r .  
should not exceed  one b a r  width. 
P i t c h  c o r r e c t i o n s  
Ins t rumen t  C r u i s e :  In s t rumen t  c r u i s i n g  f l igh t  at s p e e d s  l e s s  than 
60 knots  IAS is not  r ecommended .  The  a i r c r a f t  handl ing qua l i t i e s  
at s p e e d s  less than 60  knots ( b e c a u s e  of power r e q u i r e d  c h a r a c t e r -  
i s t i c s )  a r e  not compat ib le  with i n s t r u m e n t  flying. 
p. 2 - 3  Maximum (Autoro ta t ive)  Descents :  
Autoro ta t ions  a r e  not diff icul t  on i n s t r u m e n t s .  However ,  due to the 
high r a t e  of d e s c e n t ,  they a r e  r e c o m m e n d e d  f o r  e m e r g e n c i e s  only. 
A s s u m e  a one b a r  width nose high a t t i t ude ,  and ma in ta in  d i r e c t i o n a l  
c o n t r o l  wi th  t h e  foot pedals.  
t o  60 knots  IAS. 
wi l l  give th i s  s p e e d ,  which should be main ta ined  unt i l  v i s u a l  contac t  
is m a d e  and a r easonab le  2 ,000  to  2 ,400  f e e t  p e r  minute  r a t e  of 
d e s c e n t . .  . and  so  on. . . ( c r u d e  m e a s u r e m e n t  of one l ine width ind i -  
ca t ed  about  2 . 0 "  pi tch acco rd ing  t o  D.  W .  Young. ) 
The a i r s p e e d  wi  11 gradual ly  d e c r e a s e  
Approximately a one b a r  width nose  high a t t i tude  
p. 2 - 1  Co-pi lot  is  r equ i r ed .  
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I' * 2-  1 IIowcvc~ I - ,  prchc.ision i n  strurjirttit f lying r e q u i r e s  considc.rably mort .  
i n s t rumen t  moni tor ing  than  r e q u i r e d  in  convent ional  f ixed wing a i r -  
c r a f t .  Any p i lo t ,  however ,  can  conduct  s a f e  i n s t r u m e n t  f l ights  in 
this he l icopter  i f  he is  prof ic ien t  i n  bas ic  i n s t r u m e n t  flying and ap -  
I1lit.s the  p r o p e r  technique and p r o c e d u r e s .  
'ittitude ind ica tor  is  r e q n i r c ~ d .  
t t x i i i u t c , d  without an attitude, ind ica to r .  
Much g r e a t e r  u s e  of 
Instr i i inent  f lying i s  not to  be a t -  
VISUAL CUES ( m o t i o n )  
p.  2-  One of the  m a j o r  v i sua l  c u e s  used  by p i lo t s  i n  main ta in ing  p r e c i s i o n  
ground r e f e r e n c e  du r ing  low- leve l  f l ight  is that  of ob jec t  b lu r .  
a r e  acquainted wi th the ob jec t -b lu r  phenomena expe r i enced  when 
dr iving an au tomobi le .  
rush ing  toward us while ob jec t s .  . . . . e t c .  
139 We 
Objec ts  in  the fo reg round  a p p e a r  to  be 
At a re la t ive  angu la r  veloci ty  of 3 d e g r e e s  p e r  second a n  objec t  out 
f ront  wi l l  a p p e a r  to  be  a l m o s t  s t a t iona ry  and a t  10 d e g r e e s  p e r  
second i t  wi l l  begin to b lu r  a l m o s t  beyond recogni t ion .  
3" / second is  a s t anda rd  i n s t r u m e n t  p r o c e d u r e  tu rn :  but th i s  is  not 
to  be confused with the 15" r e q u i r e d  t o  get the t u r n ,  s ince  the 15" 
att i tude change i s  v e r y  e a s y  to  d e t e c t ,  c e r t a i n l y  e a s i e r  than  r a t e  of 
( Inc identa l ly ,  
change of angle:  D.  Young) 
p.  6- 
47 
PERCEPTION O F  THE VERTICAL 
Percep t ion  of the  v e r t i c a l  - -  that  i s ,  the d i r e c t i o n  of ac t ion  of 
n o r m a l  grav i ta t iona l  f o r c e s  - -  and of o n e ' s  p o s t u r a l  
v e r t i c a l  a r e  impor t an t  a s p e c t s  of o r i en ta t ion .  . . e t c .  . . Both v i sua l  
and pos tura l  v e r t i c a l  a r e  l a r g e l y  d e t e r m i n e d  by joint  ac t ion  of v i s u a l  
- and gravi ta t ional  f o r c e s .  
a r e  those which s p r i n g  f r o m  the a l ignmen t  ( o r  l a c k  of i t )  of t h e v i s u a l  
-__ - - 
r e l a t ion  to  that  -- 
-- -- 
Visual  " fo rces"  a f fec t ing  the  judgment  
10 
framework o r  m a i n  l i n e s  of v i sua l  s p a c e  with r e s p e c t  to the t r u e  
v e r t i c a l  posi t ion.  
s u m  of f o r c e s  imposed  o n  i t  by  acce le ra t ion  and  n o r m a l  grav i ta t ion .  
Th i s  r e su l t an t  f o r c e  e x e r t s  a v e r y  powerful  influer.ce upon o u r  
or ien ta t ion  and /o r  percept ion  of the  v e r t i c a l ,  which is  i n  the  d i r e c -  
t ion of ac t ion  of the r e su l t an t  g. 
Gravi ta t iona l  ( 8 )  f o r c e  on the  body i s  the  v e c t o r  
-- ---
-- 
p. 6-47 PERCEPTION O F  THE VERTICAL ( P o s t u r a l  T i l t )  
T h e  s m a l l e s t  d e g r e e  of body t i l t  i n  a n y  d i r e c t i o n  which c a n  be  d e -  
tec ted  h a s  been  found f o r  a group of p i lo t s ,  ranging  from l e s s  than 
1 d e g r e e  all  the  way up to 14 d e g r e e s .  The  a v e r a g e  th re sho ld  w a s  
be tween 2 and 3 d e g r e e s ,  with that  of backward  t i l t  roughly  1 / 2  
d e g r e e  h igher  than th re sho lds  for  t i l t  i n  the  o t h e r  q u a d r a n t s .  
E l imina t ion  of v i s u a l  c u e s  r a i s e s  t h e s e  t h r e s h o l d s .  
v i s ib i l i ty ,  banks  of 10- 15 d e g r e e s  in  a i r c r a f t  m a y  not be  r ecogn ized  
by a n  individual  i n  f l ight .  
- -
--- 
W i t h  poor --- 
L a b o r a t o r y  t e s t s ,  u s ing  a "tilt c h a i r "  which c a n  b e  o p e r a t e d  by the 
e x p e r i m e n t e r  or by the  subject  h imsel f  while  s e a t e d  in  it ,  have 
shown g r e a t e r  s ens i t i v i t i e s  than  those  o b s e r v e d  unde r  condi t ions of 
fl ight.  
ORIENTATION 
p.  6-44  We main ta in  o u r  or ien ta t ion  t o  and equ i l ib r ium i n  the  w o r l d  about  
us by a combinat ion of visual and aud i to ry  in fo rma t ion ,  d a t a  p r o -  
vided by ac t ion  of the  s e m i c i r c u l a r  c a n a l s . .  . e t c .  A b n o r m a l  o r  
confl ic t ing condi t ions make d i s c  r imina t ions  m o r e  d i f f icu l t ,  and 
son ie t imes  c a u s e  s e r i o u s  e r r o r s  of pe rcep t ion . .  . . ( c u r v e  i n  f i g u r e  
s h o w s  mot ion  th re sho ld  of about  4 . 5  d e g r e e s / s e c o n d / s e c o n d  for 2 
s econds  and 1 .5  deg rees / second / second  f o r  t i m e s  exceed ing  16 
seconds .  
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p. 742 The  de te rmina t ion  of the v e r t i c a l  i s  a joint  funct ion of the  p o s t u r a l  
and v isua l  f a c t o r s  and b e s t  judgments  a r e  r e n d e r e d  when the two 
s e t s  of f a c t o r s  complement  each o t h e r .  
the c o m p r o m i s e  w a s  weighted i n  the d i r ec t ion  of p o s t u r a l  f a c t o r s ,  
-- _- - -- 
-~ -- ---
In the  p r e s e n t  e x p e r i m e n t  -~--
but  this might e a s i l y  be a n  a r t i f a c t  of the e x p e r i m e n t a l  p r o c e d u r e  
and t h e  clquipment employcd.  
wotild c a u s e  l i t t le  c r r o r  i n  vcrtic 'dl  jiidgnic,nt but the da ta  \vas taken 
in 5" i n c r e m e n t s  of t i l t .  5" v i sua l  t i l t  c a u s e d  e r r o r  in judgment  of 
as iriuch a s  2 0 " :  D. Young.)  
(Curvc.s suggtest l o  t i l t  of v i s u a l  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Refe rence  ( 8 )  
G i l b e r t  G.  Robinson and  N o r m a n  S. Johnson ,  "Subsys tem R e q u i r e m e n t s  f o r  
an  A i r b o r n e  Labora to ry  to Study Z e r o - Z , e r o  Landing Sys tems" ,  A m e s  
R e s e a r c h  Cen te r  Moffet F i e l d ,  Ca l i fo rn ia ,  Oc tobe r  , 1964. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
p. 13 It  a p p e a r s  t ha t  m o s t  a i r c r a f t  au topi lo ts  t ha t  a re  a c c u r a t e  t o  l o  will  
be adequate  f o r  the a t t i tude  sens ing  s u b s y s t e m  f o r  the  z e r o - z e r o  
landing s y s t e m .  
ACCELERATION AND MOTION 
p .  361 T h u s ,  i n  the a b s e n c e  of v i sua l  c u e s ,  n e i t h e r  pilot  no r  the p a s s e n g e r  
is aware  of the ex ten t  t o  which the plane is  t i l t ed .  
soon beca ine  appa ren t  in the e a r l y  days  of i n s t r u m e n t  f lying;  s e n s i -  
t ive ind ica tors  had to be developed to c o m p e n s a t e  f o r  e r r o r s  a r i s i n g  
froiii such so i i r ces .  ( M r .  M c F a r l a n d  sa id  e a r l i e r ,  "In f l ight ,  how- 
e v e r ,  an  a i r p l a n e  m a y  be banked 10  to 15  d e g r e e s  o r  m o r e  b e f o r e  
the a t e r a g e  pe r son  n lay  be a w a r e  of i t " :  D. Young. ) 
This  d i f f icu l ty  
p.  3 6 5  A v i a t o r ' s  vertigo c a n  be p reven ted  on1 y by  the u s e  of visual c u e s ,  
\ \ , l i i c , h  i i n c i c :  I' the c i r c u m s t a n c e s  a r e  t h e  p i l o t ' s  on ly  w a y  of o r i en ta t -  
9 hil ) lsel i  c o r r e c t l y .  
-- ---
--- -- - 
HELICOPTERS: FLIGHT MANEUVERS 
p. 692 lIover is the  sus ta ined  inot ionless  fl ight of a he l i cop te r .  2 i m p l i e s  -- -- 
z e r o  a i r s p e e d  and cons tan t  a l t i tude  and heading. The pilot  u s e s  - -
the r igh t  hand to cont ro l  the cyc l ic  s t i c k , .  . a n d  a1 
hor izonta l  movemen t  of the a i r c r a f t .  -- 
so  ant ic ipa te  
(On d a y  wi th  no wind ant ic ipate  hor izonta l  movemen t  b y  obse rv ing  
a t t i tude :  D .  Young. ) 
Hovering i s  a bas i c  maneuver  b e c a u s e  f o n v a r d  fl ight i s  s t a r t e d  
f r o m  the hover ,  and the approach  ends  in the  hover ,  p r i o r  to touch- 
down ( t rue  for  v i sua l  flying, not i n s t r u m e n t s :  D. Young). 
F L Y I N G  T H E  HELICOPTER 
HOVERING 
p. 75 'The pilot has  the s a m e  problem in hover ing ,  a s  in s t r a i g h t  and  
leve l  f l ight ,  s ince  the att i tude of the he l icopter  is the govern ing  
f a c t o r  which  d e t e r m i n e s  the a i r c r a f t ' s  tnoveinent  o v e r  the ground.  
Though the at t i tude requi red  to  hover  v a r i e s  wi th  the wind condi- 
t ions and ba lance ,  t h e r e  i s  s t i l l  an  at t i tude (both pitch and bank) ,  
wh ich  c a n  be  found b y  exper imenta t ion .  If this  a t t i tude is ma in -  
ta ined the p i lo t  can  keep the a i r c r a f t  hove r ing  o v e r  a spot .  
the a t t i tude  i s  de t e rmined ,  the  pilot can  not ice  a n y  deLviation and 
m a k e  the n e c e s s a r y  c o r r e c t i o n s  p r i o r  t o  the he l icopter  moving off 
the spot .  
-- -- 
Once - - -- 
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I < ( ! f ' ( !  l * ( : i l ~ ' c  ( I  1 ) 
I n s t r t i i r i e n t  b'l y i n g  f o r  I [(:1i(.opter A i r c r a f t ,  I>(.partt i ient of the A i r  lg 'orc .e ,  Ah' 
Manual 51-13, 1902 ( ' l 'his iiianual s u p e r s e d e s  Al4.M 51-13, Instruirient $'lying 
'1'ec.hniq~ies and P r o c e d u r e s  f o r  IIelicopter A i r c r a f t ,  1 0  November ,  1959. ) 
I I F:LIC: 0 P ' l '  F;R I N S  1' 17 IT hl ICY 'I '  FLIGI  1'1' L I M I  ?'A T I 0  N S  
I'he (ise of conventional a i r c r a f t  insti-utrients l i m i t s  s low speed  
flight, except  for  I l lS t r~ i l i i~J l t  takeoff, and prohibi ts  hovering f l ight .  
(hlitiii1iui11 speed f o r  IJiI-1A and UII-1 E3 is 60  knots acco rd ing  to 
A r111y '1'ec.hnical Xlanual: 11. Young. ) 
'l'he slow a i r s p e e d  of the he l i cop te r  wsith i t s  r e s u l t a n t  l a r g e  d r i f t  
c o r r e c t i o n  ang le s  m a k e s  r a d i o  navigation diff icul t .  
c o r r e c t i o n  is a s  corninon to  the he l i cop te r  a s  10"  i s  t o  convent ional  
a i r c r a f t .  
d i s t ance  equat ions  and r a d i o  r a n g e  or ientat ion p r o c e d u r e s  diff icul t  
if  not imposs ib le  to u s e .  
A 30" d r i f t  
Flight in high winds (25-40 knots )  wil l  r e n d e r  t inie-  
'l'he use of conventional a i r c r a f t  i n s t r u t n e n t s  in h e l i c o p t e r s  p ro -  
hibits "partial  panel" i n s t r u m e n t  flying in a n y  Irieasurable turbu-  
lence .  
cat ions of turning. 
tional i nd ica to r s  dur ing  f l ight  through turbulence would c a u s e  the 
pilot to be unable to control h i s  a i r c r a f t .  (The  'I'M manua l  f o r  the 
U H - 1  indicates  the g y r o  will  l a s t  long enough a f t e r  engine f a i l u r e  to  
pe r fo rm a n  au to - ro t a t ion  letdown: D. Young. ) 
The tu rn  needle  f luc t ions  e x c e s s i v e l y  and g ives  fa l se  indi-  
Loss of the gyro-  s tab i l ized  a t t i tude  and d i r e c -  
ATTITUDE C O N T R O L  
Definite pitch a t t i tude  changes  a r e  accompl i shed  b y  changing the 
"pitch a t t i tude"  of the m i n i a t u r e  a i r c r a f t  def in i te  f r a c t i o n s ,  o r  
mult iples ,  of the th i ckness  of i t s  wings  o r  f u s e l a g e  dot. 
c o r r e c t i o n s  a r e  g e n e r a l l y  r e f e r r e d  to  a s  bar  widths  o r  f r a c t i o n s  of 
bar  widths.  
is approximate ly  2 .  5 "  p i tch  a t t i tude  change.  
down would g i v e  a total  a t t i tude  change  -- of 5" sugges ted  - a s m a x i m u m  
L--- than e f o r  the IJH-1: D. Young) (Any change less than 1/2 bar 
width, 1 .25" ,  would be h a r d  to see.  ) 
l ' h e s e  
('The c a l i b r a t e d  f i g u r e  on page 8 s u g g e s t s  one bar width 
One bar u p  t o  one bar  
-- -- 
C 1-i 0 SS C I I E C I(I N G ' r I 1 E I N S  'l'R I J hl E N 'r S 
p. 1 2  1,ag i n  the  perTorii1anc.e insti-uiiients c.ertainl y need not i n t e r f e r e  
\\ i t h  holding o r  s inoothly ( .hanging the indication of the a t t i tude  and 
pov,er indir .atol-s. .  . 
l ' h ~ i s ,  siiiooth hel icopter  control,  r e su l t i ng  f r o m  ef f ic ien t  r e f e r e n c e  
to  the con t ro l  i n s t r u m e n t s ,  s imp l i f i e s  the t a s k  of i n t e r p r e t i n g  indi- 
ca t ions  of the pe r fo rmance  i n s t r u m e n t s .  . . A u s e l e s s  "chasing" of 
i n s t r u m e n t  indications can  e a s i l y  r e s u l t .  
p.  12 'l'he a t t i tude  indicator  i s  probably the only i n s t r u m e n t  to  which  
a t ten t ion  m a y  be continuously devoted for  a n y  a p p r e c i a b l e  length 
of t i tne.  
a common  a t t i tude  change such a s  that  r e q u i r e d  to  e s t a b l i s h  a tu rn .  
During th i s  10-second period, you may  need to  devote  your a t t en -  
tion a l m o s t  exc lus ive ly  to  the a t t i tude  indicator  to  i n s u r e  good 
a t t i tude  cont ro l .  A1 so,  the a t t i tude  indicator  is the i n s t r u m e n t  tha t  
i s  checked the g r e a t e s t  number  of t i m e s .  
Approximate ly  10 seconds  m a y  be needed to  a c c o m p l i s h  
- -- -
- - -- 
INSTRUMENT TAKE- OFFS 
p. 27 P r i o r  t o  a t tempt ing  a normal  i n s t r u m e n t  takeoff you m u s t  remember  
that  the flight i n s t r u m e n t s  cannot r e g i s t e r  d i r ec t ion  of f l ight  n o r  
a i r s p e e d  in o t h e r  than forward  fl ight.  T h e r e f o r e ,  con t ro l  techniques 
dur ing  the ini t ia l  takeoff phase m u s t  i n s u r e  posit ive m e a s u r e s  to  
prevent  i nadve r t en t  s ideward or backward  f l ight  o r  loss  of a l t i tude .  
Re fe rence  12 
D e p a r t m e n t  of the A r m y  Technical  Manual ( T M  55-1520-21 1-10),  " O p e r a t o r ' s  
Manual  A r m y  Model UH- 1A and UH-1 B Hel icopters" ,  Dated: 1 Feb. 1963. 
Chap. 1 0  INSTRUMENT TAKE- O F F  
Sec. I1 
p. 2-2 'The a t t i tude  ind ica tor ,  heading indicator  and to rque  m e t e s  a r e  
p r i m a r y  f o r  i n s t r u m e n t  take-offs. 
Af te r  positioning the a i r c r a f t  on a l eve l . .  . ad jus t  the hor izon  bar  of 
the a t t i tude  ind ica to r  so  that the m i n i a t u r e  a i r p l a n e  - wil l  a p p e a r  
approx ima te ly  two bar  widths above the horizon - ,  b a r . .  . . -- --
1 5  
With a s teady,  sniooth motion a p p l y  co l l ec t ive  pitch unt i l  f ive  
pounds of torque m o r e  than tha t  r e q u i r e d  f o r  hover ing  is obtained.  
A s  the a i r c r a f t  l e a v e s  the ground,  posit ion the cyc l i c  so  tha t  the 
n i in ia ture  a i r p l a n e  w x  a p p e a r  ---- one to two bar  widths belcw the 
horizon - b a r .
unt i l  a i r s p e e d  i n c r e a s e s ,  g e n e r a l l y  (30-40 knots)  then t r a n s i t i o n . .  . . 
Maintain d i r ec t iona l  con t ro l  (heading)  wi th  the peda l s  
A s  a i r s p e e d  r e a c h e s  70 knots the pitch a t t i tude  is ad jus t ed  to the 
I cl imbing a t t i tude  ( m i n i a t u r e  a i r c r a f t  on the hor izon  ba r ) .  -- -
(Thus,  the a t t i tude  is changed approx ima te ly  l o o  o r  4 bar widths  
during take-off and ad jus tment  to c l i m b  a t t i tude :  D. Young. ) 
Refe rence  (13) 
the Sys t ems  R e s e a r c h  and Development  Se rv ice ,  F e d e r a l  Aviat ion Agency, 
unde r  con t r ac t  No. FAA/BR D-40.  "Information Avai lable  f r o m  Natura l  
, D r .  M. D. Havron, Human Sciences  R e s e a r c h ,  I n c . ,  p r e p a r e d  a r e p o r t  f o r  
Cues  During Final  Approach  and Landing, HSR-RR- 62/3-MK-X, March ,  
1962 ' I .  
EARTH VELOCITIES & HUMAN CAPACITIES COMBINED 
p. 22 F o r  r e l i ab le  s t e e r i n g ,  i t  is highly d e s i r a b l e  tha t  m o v e m e n t  be 
detectable  in all ca ses ;  o r  if th i s  cannot  be accompl ished ,  tha t  i t  
be detectable  in the g r e a t  preponderance  of i n s t ances .  A s  rough 
e s t i m a t e s ,  and to provide a n  even  f igu re ,  w e  take 1 0  m i n .  / s ec .  
(1 /6th deg ree / second)  as  a s u p e r  th reshold  value f o r  dayl ight  con- 
dit ions and 30 miniite, /second (1/2 d e g r e e  p e r  s e c o n d )  a s  a suf f ic ien t  
value to per in i t  detect ion of movenient  a t  night. I t  I S  a s s u m e d  that  
pilots c a n  r e l i a b l y  d e t e c t  movemen t  of t h e s e  r a t e s  under  m o s t  con- 
dit ions encountered  in con tac t  f l igh t  w h e r e  e f f ec t s  of t u rbu lence ,  
vibration, w indsc reen  d i s to r t ion  a r e  not cons idered .  
p. i i  SUMMARY 
Resul t s  m u s t  be cons ide red  tentative because human f a c t o r s  da t a  
avai lable  f o r  e s t i m a t i o n  of th resholds  w e r e  col lected u n d e r  l a b o r a -  
t o r y  r a t h e r  than f ie ld  conditions.  F u r t h e r ,  quant i ta t ive va lues  of 
t h re sho lds  f o r  percept ion  of movemen t  v a r y  w i d e l y  among  r e p o r t s  
in  the l i t e r a t u r e .  
16 
p. iii A be t t e r  unders tanding  of ex t r a -cockp i t  cites ava i l ab le  and how 
pi lots  ( ' an  b e s t  u s e  them should have impor t ance  f o r  pilot t ra in ing ,  
f o r  be t t e r  unders tanding  o f  condi t ions conducive to f a l s e  guidance 
and opt ical  i l lus ions ,  for be t te r  and m o r e  economica l  des ign  of ---- 
Automatic  and Manual Landing s y s t e m s  and f o r  f l ight  s a fe ty .  - --
R e f e r e n c e  (14)  
Bus iness  Week, McGraw-  H i l l ,  page 96, "Ho\v A i r l ines  W i l l  Outwit  the 
Weather" ,  D e c e m b e r  19, 1964. 
In 1964, low ce i l i ngs  c o s t  c a r r i e r s  $70-1nill ion i n  revenue .  
J anua ry ,  1 964 
M r .  Wil l iam Dehnke, FAA he l icopter  f l ight  e x a m i n e r ,  owner  of 
Hel icopter  Cen te r  (Van N u y s ,  Ca l i fo rn ia )  and he l i cop te r  f l igh t  
i n s t r u c t o r ,  indicated he could f l y  a he l icopter  of ten t i m e s  when 
f ixed wing a i r c r a f t  could not f l y  due to  I F R  In in imums and he f u r t h e r  
indicated he  could f l y  with v e r y  l i t t le  v i s ib i l i ty  and only  v is ib i l i ty  
almost s t r a i g h t  down, as long a s  he knew the t e r r a i n  v e r y  we l l  and 
p a r t i c u l a r l y  the  rou te  t o  be flown. M r .  R o b e r t  Angstadt ,  v ice-  
p re s iden t  of Chicago  Hel icopter  A i rways  a l s o  ind ica ted  l i t t l e  v i s i -  
b i l i t y  w a s  r equ i r ed  if the route  and the t e r r a i n  w e r e  f a m i l i a r .  
D. W.  Young has  s e e n  Mr .  Dehnke hover  an  a i r c r a f t  with the u s e  
of only pe r iphe ra l  vis ion,  and hover  v e r y  wel l .  
D. Young s t a t e m e n t :  I believe i t  has  been shown in the pas t  ( b u t  
the de t a i l s  a r e  c l a s s i f i e d )  that  a i r c r a f t  can  be au tomat i ca l ly  con-  
t ro l l ed  qui te  wel l  in the t e r r a i n  following mode  with no  b e t t e r  
reso lu t ion  than 1 
c r a f t  have been con t ro l l ed  au tomat i ca l ly  and p r e c i s e l y  in the t e r r a i n  
following mode  ( r e f e r e n c e  Cornel1 Aeronaut ica l  Lab ,  A r m y  & A i r  
F o r c e  work ) .  
I 
t o  0. 5 " .  I be l ieve  both d r o n e s  and manned a i r -  
(Comment s  on the preceding r e f e r e n c e s  a r e  m a d e  b y  the  a u t h o r  
below. 
emphas ized ,  p a r t i c u l a r l y  reso lu t ion  and t ex tu re  r e q u i r e m e n t s .  ) 
The ef fec t  of the r e f e r e n c e s  on the des ign  of r a d a r  is 
17 
1 )  'l 'he long wave visual c u e s  obtained f r o n ]  the radar  m u s t  be 
sufficient to p e r f o r m  tu rns  and a d j u s t  a t t i tude  safe ly .  
r e l a t ive  a t t i tude  threshold  of 1 "  and a turning threshold  r a t e  
of 1 O / s e c . ,  wi th  b lu r  turning r a t e s  of 10°/second,  will  pe rhaps  
be sa t i s f ac to ry .  
i inpor tan t  c u e s  f o r  per forming  c ' ruise ,  c l i m b  and  d e s c e n t s .  
A 
The c u e s  f o r  a t t i tude  and t u r n s  a r e  the m o s t  
2) Since a hel icopter  can be o p e r a t e d  IE'R on take-off, cliiiib, 
c r u i s e  and d e s c e n t ,  but not hover o r  f ina l  landing and touch- 
down, the r a d a r  must provide on1 y suf f ic ien t  c u e s  f o r  hovering 
and f o r  the t r ans i t i on  frotii hover to f o r w a r d  f l ight  to  a c t u a l l y  
u t i l i ze  the hel icopter  under  z e r o - z e r o  ( z e r o  vis ibi l i ty ,  z e r o  
ceil ing condi t ions) .  Incidentally,  the n o r m a l  IFR take-off i s  
l ike  a n e a r  m a x i m u m  pe r fo rmance  take-off (AF manual ,  Re f .  
11, p. 2 7 ) .  If the r a d a r  would provide hover  capabili ty,  the 
IFR take-off could begin f r o m  a hover  ( n o r m a l  VFR takeoff )  
which would be much safer takeoff. 
3 )  60 knots is now the min imum,  safe IFR flying speed  f o r  the 
UH-1  (Ref .  5) .  A r a d a r  which  would provide hover  capabi l i ty  
a t  low and high a l t i tude  would g r e a t l y  i n c r e a s e  the u t i l i ty  of 
the he 1 ic opt e r . 
3 )  If a t t i tude  c a n  be ad jus ted  a c c u r a t e l y  enough and motion c u e s  
and range  r a t e s  a r e  s e n s e d  wel l ,  i t  should be possible  to m a k e  
a z e r o - z e r o  landing through u s e  of the r a d a r .  
the hel icopter  and c e r t a i n l y  the f ixed wing a i r c r a f t .  C e r t a i n l y  
a f ixed  wing and  perhaps  the he l i cop te r  c a n  be landed without a 
r a d a r  a l t i m e t e r ,  but the a l t i m e t e r  could provide good supple-  
menta l  "backup" information.  
sugges t  th i s  m a y  be done wi th  a 1 O beam scanning r a d a r .  
This  is t r u e  of 
The  r e f e r e n c e s  and o t h e r  no te s  
5 )  It i s  r e p o r t e d  that  a colonel a t  the NASA fac i l i t y  a t  Elington 
Field,  Texas ,  hovered  a U1-I-1 wi th  only  a g y r o  f o r  s h o r t  
per iods without wind. 
p rac t i ca l  hover maneuver ,  it w a s  an i m p o r t a n t  de inons t ra t ion  
of the u t i l i ty  of a t t i tude  sens ing .  ( R e f e r e n c e s  1 ,  5, 8, 3 ,  11,  
While i t  is  obvious th i s  w a s  not a 
18 
12,  d e s c r i b e  the  a c c u r a c y  and impor t ance  of a t t i tude ,  w h e r e  
one b a r  wid th  is a s s u m e d  to b e  approxirnatel  y 2.  5 " ) .  
6 )  What about  the image  to be s e e n  on the  display? 
given h e r e  is  that  t ex ture  i s  a p r i m a r y  e l e m e n t  to  be s e n s e d  
f o r  operat ional  pe r fo rmance  of the  a i r c r a f t ,  and  the i m a g e  
is  of s e c o n d a r y  impor tance .  
haps  a recognizable  p a t t e r n  which  i s  the runway.  
ident i f icat ion o r  image  identification, is m o r e  difficult  to  do  
and r e q u i r e s  b e t t e r  resolut ion than that  r e q u i r e d  to land an  
a i r c r a f t  under  z e r o -  z e r o  conditions.  T a r g e t  ident i f icat ion is 
c e r t a i n l y  m o r e  difficult than t a r g e t  detect ion.  If a p a s s  o v e r  
a Viet Cong t r a i l  one night with a 1" scanning  b e a m  showed a 
c l e a r  t r a i l  and the next night showed someth ing  on the t r a i l ,  
t a r g e t  de tec t ion  would be c l o s e  t o  t a r g e t  ident i f icat ion or  
recogni t ion,  but  th i s  i s  a s p e c i a l  c a s e  and a usefu l  one. 
h igher  reso lu t ion  r a d a r  would provide be t t e r  t a r g e t  ident i f ica-  
tion capabi l i ty ,  but not n e c e s s a r i l y  b e t t e r  t a r g e t  de tec t ion  
capabi l i ty .  
The e m p h a s i s  
'The only  image  d i s c u s s e d  is p e r -  
T a r g e t  
A 
7 )  P r i o r  knowledge through f a m i l i a r i t y  with t e r r a i n  c a n  be v e r y  
useful  ( p i  of e s s i ona 1 pi1 o t s t a t e  m e n  t s following refe r e n c e  14) .  
While e m p h a s i s  has  been on the 1 O scanning  r a d a r ,  the 0. 3 "  t o  
0 .1  O r o t o r  b lade  antenna r e so lu t ion  would be v e r y  usefu l  in t a r -  
ge t  identification, not j u s t  t a r g e t  detect ion.  Fire con t ro l  
would be a s e e m i n g l y  na tu ra l  consequence.  
8 )  F e w  people s t o p  to r e a l i z e  what  1 "  i s .  
m a t e l y  2, 160 m i l e s  in d i a m e t e r  and its m e a n  d i s t ance  f r o m  the 
e a r t h  is about  238, 857 miles. 
approx ima te ly  one-half d e g r e e  (0. 52") .  
angle  subtended b y  the wid th  of the  thumbnai l  (where  the sk in  
i s  a t tached  t o  the  f inger  nai l ,  about  1/2 inch  wide )  as  obse rved  
b y  the eye  and the a r m  f u l l y  ex tended  a t  r i gh t  a n g l e s  to the 
body and shou lde r s  back. It is p robab ly  m o r e  i m p o r t a n t  to 
expe r i ence  1 "  ( o r  por t ions  thereof ) ,  as  you d r i v e  down the  
freexvay, o r  f ly  a f i x e d  wing o r  r o t a r y  wing a i r c r a f t  than to 
The moon  is approx i -  
The moon subtends  a n  a r c  of 
1 "  is the  approx ima te  
e xpe 1. i (: 1 1  (. (: \v Ila 1 ;I pa r I i c' i t 1  a I- I 11 o d  e 1 r a (1 a r - tl i s pl a y c: o i i h i  na t i on 
111ay ~ ~ r o \ ' i t l c : .  
[lie bas i t .  s igtial  I ' t - o t i i  t l i c  r a d a r  tiiay \vel1 be i l iore r e spons ib l e  
f o r  litiiitiiig t he  recognizable  featLires o f  t a r g e t s  shown o n  a 
pa r t i cu la r  r a d a r - d i s p l a y  combinat ion.  
tent  i s  suff ic ient  f r o m  a r a d a r ,  an  image  of suf f ic ien t  qua l i t y  
can  be presented  on the d isp lay .  
' I ' l i t t  logit. f o r  aricl t I I ( :  t c c . I ~ i i i q t i e  lor pi-oc,ckssing 
If the in fo rma t ion  con-  
9 )  I would s a y  a f t e r  a r ev iew of the r e f e r e n c e s  enc losed ,  that  a 
r a d a r  wi th  0. 5" to 1 . 0 "  o r  p e r h a p s  2 "  capab i l i t ywou ld  be m o r e  
than adequate  f o r  I F R  a p p r o a c h e s  to the runway  with a n  ap-  
proach  qua l i ty  of CCA o r  ILS and yet us ing  only  the se l f -  
contained equipment  on the a i r c r a f t  (not  ground ins  t ru inenta t ion) .  
And that this  r a d a r  Tvould b e  suff ic ient  f o r  a p p r o a c h  to Ca te -  
g o r y  I1 (100  It. a l t i tude  and 1200 f t .  v i s ib i l i ty  down runway) .  
'The next phase is specula t ive .  IIowever,  1 " wil l  ident i fy  
individiial l ight f i x tu re s  on the s ide  of the runway  ( a i r c r a f t  on 
o the r  s i d e )  down the  runway  about  1 , 4 0 0  f t .  and if the o b s e r v e r  
in the a i r c r a f t  is a t  one end  of a 10, 000 f t .  runway,  a 1 "  r e s o -  
lution wil l  j u s t  blend the runway  l igh ts  on e i t h e r  s i d e  of the 
runway in the a p p a r e n t  middle  of the runway  a t  a r a n g e  of 
10, 000 f t . ,  and th i s  is a v e r y  effect ive l i n e a r  p e r s p e c t i v e .  
i s  m y  opinion that  the f inal  phase  of the landing,  including 
touchdown, would be j u s t  a s  d e s c r i b e d  f o r  a night landing in  
Refe rence  3 ,  p. 359. ( T h i s  s i tua t ion  a s s u m e d  the l ight  f i x t u r e s  
w e r e  1 0 0  f t .  a p a r t  down one s ide  of the runway and the spac ing  
behveen the l ights  o n  one s ide  of the runway  to the o t h e r  s ide ,  
w a s  170  f t . ,  which a r e  conse rva t ive  va lues . )  
It 
1 0 )  Be t t e r  reso lu t ion  wi l l  provide ino re  a c c u r a t e  landings but 1 
reso lu t ion  wil l  p e r m i t  z e r o - z e r o  landings .  
11 )  A v e r y  impor t an t  cue  f o r  a l ignmen t  wi th  the  runway  ( p a r t i c u -  
l a r l y  with s o m e  c r a b  angle  due  to a c r o s s  wind)  wi l l  be the 
r e l a t ive  motion of ob jec t s  ( l ight f i x t u r e s ,  g r a s s ,  s tubble ,  
buildings,  e tc .  ) on one s ide  of the runway  c o m p a r e d  wi th  the 
motion of ob jec ts  on the o the r  s ide .  It is expec ted  that  while  
motion tnay be s e e n  eas i ly  with the r a d a r  (1 O/sec. o r  l e s s ) ,  
re la t ive rtiotion, where  two s e r i e s  of ob jec ts  a r e  moving at  
different  r a t e s ,  shoitltl be e a s i l y  s e n s e d  (different ia l  r a t e ) .  
1 2 )  While i t  is distrac.ting to  1'1 y with a d i r t y  windshield,  i t  c an  be 
done, and i t  h a s  been obse rved  i n  t h e  l a b o r a t o r y  that obs tac le  
iiiotion can  be s e n s e d  even i n  the p r e s e n c e  of c ros s -coup l ing  
between one antenna and the o ther  b e c a u s e  the c r o s s - c o u p l i n g  
(apparent  obs t ac l e s )  s ignals  d o  not move on the d isp lay .  This 
i s  not a big p rob lem because  the c ros s -coup l ing  can be e l i m i -  
nated,  but this i s  another in te res t ing  c h a r a c t e r i s t i c  of the 
s y s t e m .  "For  re l iable  s t ee r ing ,  i t  i s  highly d e s i r a b l e  that 
movemen t  be detectable  in a l l  c a s e s " ;  a s t a t e m e n t  by  D r .  Havron ,  
R e f e r e n c e  13, p. 22. 
13) D r .  J a m e s  W .  Mil ler ,  Office of Naval R e s e a r c h ,  s a id ,  "The 
point was  made  that w e  m u s t  u s e  m a n  f o r  t a s k s  a t  which he 
exce l s .  I f  T h i s  quote was  f r o m  p roceed ings ,  Visual ,  Display,  
and  Control  P r o b l e m s  Related to  Fl ight  a t  Low Alti tude,  
Edited by D r .  J a m e s  W .  Mi l l e r .  T h e r e  i s  a good poss ib i l i ty ,  
suggested by l a b o r a t o r y  e x p e r i e n c e ,  that  a pilot c a n  judge h i s  
a l ignment  on a row of wooden telephone po le s ,  a s  p r e s e n t e d  with 
a 1" b e a m ,  m u c h  be t te r  than 1 " .  
at th i s  l a b o r a t o r y  that a s s u m i n g  no change i n  range ,  that  the 
abi l i ty  to  s e n s e  a change i n  posi t ion of a t a r g e t  d i sp l aced  on a 
1 resolut ion r a s t e r  scan ,  two d imens iona l  d i sp lay  with inten-  
s i ty  modula t ion  is some K t i m e s  b e t t e r  than  the beainwidth of 
1 O ,  where  K m a y  be 2 t o  5 .  
m e n t  i s  because  no m a t t e r  what the s ize  (but m u c h  l a r g e r  than  
eye resolut ion)  of the high intensi ty  d isk  on the d isp lay  which 
r e p r e s e n t s  a point t a rge t ,  the definit ion o r  s h a r p n e s s  of the 
edge of the d isk  is  the iriiportant f ac to r  and  not the width of 
the d isk .  A s  a n  e x t r e m e  e x a m p l e ,  examine  what would happen 
i f  a 10" beam w a s  used t o  d isp lay  on a r a s t e r ,  a single t a r g e t ,  
and  the intensi ty  i s  control led by a t r i g g e r  r a t h e r  than  a n  
analog function. 
- - - -______--  
It h a s  a l s o  b e e n  e x p e r i e n c e d  
T h i s  p e r h a p s  unexpected i m p r o v e -  
If the s ignal  s t rength  did not change  (and ,  of 
21 
c o u r s e ,  i t  will to  sonic d e g r e e )  a s  the t a r g e t  m o v e d ,  the eye 
wot l ld  1 l r o t x i I ) I y  o h s ( ~ r v e  tli(> displaccnient  of the t a r g e t  on  thc. 
t - , i d , t r  ( I i s1) I ; iy  jiisL r i b  c l t i ~ c l t l y  a s  o p t i c a l l y .  Aga in ,  the signal 
l og ic  ; i t i t 1  tcAchtiiqiie f o r  p rocess ing  the. s i g n a l s  Iroljl the r a d a r  
a r e  ex t ren ic ly  in ipor tan t .  
to !!use nian fo r  t a s k s  a t  which he e x c e l s .  
And t h e s e  s igna l s  should be p r o c e s s e d  
What is  the ab i l i ty  of the o b s e r v e r  ( m a n )  to  p e r f o r m  the func- 
t ion of l'monopulse"::? I find it amaz ing ly  good. The  me thod  
of improving  r a d a r  reso lu t ion  f o r  guidance s y s t e m s  by c o m p a r i n g  
( fo r  a single t a r g e t )  signal s t r e n g t h s  of two b e a m s  (when one 
t a r g e t  g ives  e a c h  b e a m  the same signal  s t r e n g t h  it i s  exac t ly  in 
l ine between the b e a m s )  h a s  been  done f o r  long t i m e .  The  coni-  
c a l  s c a n  method i s  the s a m e  thing using t i m e  shar ing  of the s a m e  
b e a m .  
things.  However ,  it i s  i m p o r t a n t  to c o m p a r e  the s igna l s  f r o m  
two (or  m o r e )  b e a m s  a t  e i t h e r  the s a m e  ins tan t  o r  n e a r l y  so  
because  the effective ref lect ivi ty  m a y  change  o r  will change  with 
t i m e .  With the e l e c t r o n i c  s c a n  antenna developed  h e r e ,  the t i m e  
between two adjacent  b e a m s  is  only 40 p s ,  a n  e s sen t i a l ly  "mono- 
pulse"  t i m e .  
shown on a r a s t e r  m o s a i c  d isp lay  ( the b e a m  i s  continuously 
scanned  but the t r a n s m i t t e r  is  only o p e r a t e d  at 24, 000 p u l s e s /  
second)  and i f  the  intensi ty  modula t ion  is  a n  analog function, it 
is evident  that  when the t a r g e t  is  exac t ly  be tween two b e a m s  
tha t  the intensi ty  i s  the s a m e  on the two adjacent  s q u a r e s  which 
r e p r e s e n t  the b e a m s  on the m o s a i c  and  the c r i s p n e s s  of the 
d i f fe rence  i n  intensi ty  with t a r g e t  d i s p l a c e m e n t  off of the c e n t e r  
l ine between the l i n e s  is g r e a t l y  dependent on the  function of 
d i sp lay  b r i g h t n e s s  v e r s u s  s ignal  s t r eng th .  
Simultaneous lobing o r  sequent ia l  lobing a r e  all similar 
If one point t a r g e t  is  loca ted  between two b e a m s  
14) I s t rongly s u s p e c t  tha t  m a n y  of t he  c u e s  r e q u i r e d  f o r  fl ight and  
provided by r a d a r  (not all of t h e m  by a n y  m e a n s ) ,  i .  e . ,  m a n y  
of the v e r y  impor t an t  c u e s ,  a re  not a funct ion of, o r  are  v e r y  
sof t  funct ions of,  beaniwidth o r  long wave acui ty .  
:* Introduction t o  Monopulse,  Donald R. Rhodes ,  McGraw-Hi l l  
I
Book Co., 1959. 
What m u s t  be the abil i ty fo r  depth p e r c e p t i o n ?  
have m u c h  t o  do  with depth percept ion and  landings c a n  
ce r t a in ly  be m a d e  using T .  V . ,  one e y e ,  e t c . ,  but i n  hovering a 
hel icopter  s o m e  specific e s t i m a t e s  of change  in  range are c e r -  
ta inly de s i r a b l e ,  if not requi red .  
Motion c u e s  
Take  the following situation: Man approx ima te ly  20 inches  wide,  
standing u p  unde r  ro tor  t i p ,  r o t o r  turning up at p r e s s u r e  n e c e s -  
s a r y  f o r  h o v e r ,  but collective down, s o m e  background is  p r e s e n t  
a t  1 / 2  mi l e  on the horizon all the way a c r o s s  a 30" f ie ld  of view. 
Put  into hove r  using the ho r i zon  a s  indicat ion of a t t i tude,  using 
m a n  on ground as  key  to  he l icopter  posi t ion (both al t i tude and 
r ange ) .  Man subtends about 10  b e a m s :  If the he l icopter  m o v e s  
away f r o m  m a n  20 f t .  ( f r o m  r o t o r  t i p ) ,  the n u m b e r  of b e a m s  
which r e p r e s e n t  the man in  az imuth  will be 1 0  b e a m s  and  if  the 
he l icopter  m o v e s  c l o s e r ,  s a y  half a r o t o r  r a d i u s  ( o r  1 0  f t . ) ,  the 
m a n  will  subtend 20 b e a m s .  
How l i t t l e  range change could be d i s c e r n e d ?  
The  m a n  (20 ' '  wide)  i s  aga in  standing up  u n d e r  the hovering hel i -  
copter  at the ro to r  t ip  a n d  subtends 10 b e a m s .  
one beamwidth is sensed ,  which would change  10  b e a m s  t o  11 
b e a m s ,  i t  can  be shown that  a range change of 1 . 8 2  f t .  o c c u r r e d .  
T h i s  range i n c r e m e n t  is  a function of the n u m b e r  of b e a m s  sub-  
tended f o r  a given range f o r  a given t a r g e t .  
When a change of 
T h i s  p a r t i c u l a r  si tuation sugges t s  a change  in  range of 1 . 8  f ee t  
c a n  be sensed .  
What s c a t t e r e r s  a r e  n e c e s s a r y  f o r  h o v e r ?  
Cer ta in ly  t ex tu re  i s  ve ry  impor t an t .  
to  see  i f  the t a r g e t  o r  t e r r a i n  subtends a l a r g e  angle (many  
b e a m s ) .  It m a y  be e a s i e r  to  land in  a v e r y  s m a l l  f ie ld  s u r -  
rounded by big t r e e s  than landing on a l a r g e  a i r p o r t  with l i t t l e  
o r  no obs t ruc t ions ,  or  s c a t t e r s  such  a s  g r a s s ,  s tubble ,  e t c .  
Xvhich outline the  landing s t r i p .  
Range change is e a s i e s t  
2 3  
18) Where  obs tac le  detect ion and  the resu l tan t  motion cue and o the r  
cues e n d  and whercA obs tac le  ident i f icat ion begins i s  ce r t a in ly  
difficult  to  define.  Runways a r e  probably suff ic ient ly  de s c r i b e d  
f o r  ident i f icat ion with a n  a z i m u t h  reso lu t ion  of 2" ( s e e  enc losed  
r a d a r  p i c t u r e ) ,  and while mot ion  cue of a few l ines  o r  few do t s  
( r e f e r e n c e  NASA landing s imula to r  using only few l ine contac t  
analog)  m a y  be evident ,  v e r y  few l i n e s  o r  few dots  a re  not going 
t o  give m u c h  ident i f icat ion.  
a m a n  f r o m  a pos t ,  but pe rhaps  you could t e l l  i f  you w e r e  going 
t o  hi t  the m a n  o r  p o s t . )  
(You probably  couldn ' t  d i s t inguish  
19)  Some of the copies  of t h i s  p a p e r  will  enc lose  a PPI and v e r t i c a l  
d i sp lay  of a runway m a d e  with a 2" b e a m .  The  P P I  i s  a copy of 
the cathode r a y  tube and the v e r t i c a l  photograph i s  a pro jec t ion ,  
s i m i l a r  t o  work  shown in prev ious  r e p o r t s ,  In t e r im  and  F i n a l  
R e p o r t s ,  Nonr-4032(00) .  I found the p i c t u r e s  su rp r i s ing ly  effec-  
t ive .  
The  runway i s  p a r t  of a n  abandoned a i r p o r t  about  one mile south 
of Orange  County Ai rpor t  and on the edge of a n  e a r t h e n  dam a t  
about r ight  ang le s  to  the d a m .  
of the runway.  
jec t ion  ind ica tes  about 250 f t .  a l t i tude.  The range  is one-half  
m i l e  f r o m  the c e n t e r  of the PPI to  the edge .  T h e r e  i s  no doubt 
tha t  a l ignment  could be main ta ined  on th i s  runway with t h i s  d i s -  
T h e r e  i s  a he l icopter  a t  one end 
The PPI w a s  taken  a t  about 100 f t .  and the  p ro -  
play - 
The Viet Nam runway,  outl ined by l a r g e  t r e e s  shown on page 40 
of the J a n u a r y  1965 National Geographic ,  would provide a n  even  
m o r e  highly con t r a s t ed  r a d a r  runway p resen ta t ion  than the one 
enc losed .  
ADDENDUM I1 
E x c e r p t s  f r o m :  Three-Dimens iona l  R a d a r  F ina l  Engineer ing  Rpt.  , No. 
301-5, M a y  10,  1962, a subcont rac t  unde r  C o n t r a c t  
Nonr-1076 (00) b y  David W .  Young h A s s o c i a t e s ,  Inc.  , 
A JANAIK P r o j e c t .  
IN m ODUC TIC N 
E x c e r p t s  f r o m  Repor t  301 - 5  have been included a s  a r e f e r e n c e  because  
t h e r e  w a s  v e r y  l imited dis t r ibut ion of the r e p o r t .  
w r i t t e n  in 1962, i t  w a s  the f i r s t  final r e p o r t  on: 
Although the r e p o r t  w a s  
3 1 )  P I, (then cal led synthet ic  sweep)  concept  and c i r c u i t r y  
2 )  Reg i s t r a t ion ,  then ca l l ed  i n t e r f e r o m e t e r  s w e e p  and sweep  
c 01-11 p a r  at  o r  
3 )  Nonambiguous i n t e r f e r o m e t e r  techniques wi th  l a r g e l y  spaced  
an tennas  
4)  C r o s s e d  Beam c o m p a r e d  to P I 
3 
5)  Variable  Resolut ion a s  a function of pilot e y e  movemen t s  
'i'he techniques included in  the e x c e r p t s  a r e  in t r in s i c  t o  c u r r e n t  and f u t u r e  
d e  s ign  plaiining. 
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The in te r fe ro t i ie te r  sweep  i s  used  to avoid o b s t a c l e s  or d e t e c t  e r r o r s  in  the 
synthe t ic  sweep. 
between the two s w e e p s  b y  the sweep  c o m p a r a t o r .  
I n  the advanced  s y s t e m  a cons t an t  c o m p a r i s o n  is m a d e  
3 .  L The I n t e r f e r o m e t e r  Ver t ica l  Sweep G e n e r a t o r  
A .  Introduction 
'I'he d e g r e e  o f  t e r r a i n  avoidance capab i l i t y  depends  large1 y on the  
e f fec t ive  gene ra t ion  of the v e r t i c a l  s w e e p  f o r  the ve r t i ca l  d i sp l ay .  
B. A Review of the I n t e r f e r o m e t e r  Sys t em 
A difficult  p rob lem of the 3D r a d a r  des ign  w a s  to obtain a high 
elevat ion da ta  rate a t  low cos t .  The solut ion used  w a s  to m e a s u r e  
the v e r t i c a l  angle  wi th  monopulse  and the az imuth  angle  wi th  a n  
e l e c t r i c  a1 1 y scanning  beam. 
The unique port ion of this  r a d a r  (while  r a p i d  a z i m u t h  scanning  i s  
not c o m m o n p l a c e )  is the  method in  which  e leva t ion  in fo rma t ion  i s  
s ensed .  P h a s e  ambigu i t i e s  a re  used  to advantage  to c a u s e  the 
tniiltiple bea tn .  'I'he s y s t e m  has  mul t ip le  e leva t ion  b e a m s  (all 
ad-iac-ent beail is  being opposi te  in p o l a r i t y )  f o r  the ve r t i ca l  d i sp lay .  
P h a s e  coi i ipar ison t akes  p lace  a t  m i c r o w a v e  us ing  a wide ly  s p a c e d  
antenna a r r a y  of m a n y  wavelengths  s e p a r a t i o n .  'Targets that  l i e  in 
one plane of e l eva t ion  m u s t  be r e c e i v e d  a t  monotonica l ly  d e c r e a s i n g  
elevat ion ang le s  ( the angle  cannot  r e v e r s e  s i n c e  the r a d a r  cannot  
s e e  the o the r  s i d e  of a major obs t ruc t ion ) .  
these  on the  v e r t i c a l  d i s p l a y  r e q u i r e s  a s w e e p  wi th  a nonl inear  t i m e  
b a s e  co r re spond ing  to angle .  T h i s  c a n  be accompl i shed  b y  count ing 
the r a t e  and n u m b e r  of beams f r o m  some spec i f ic  angle  toward  the 
horizon.  S e e  F i g u r e  1. 
To p r o p e r l y  d i s p l a y  
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Figure 1. Three Dimensional Radar Antenna Pattern Geometry and Block Diagram 
n 
l’he r a t e  a t  which t h e s e  beains a l t e r n a t e  f r o n i  plus t o  minus  cleter- 
i i j i nes  the  sweep  speed .  
s w e e p  length.  F o r  example ,  if the a i r c r a f t  r o l l s  t o  the lef t ,  the 
l e l t  s i de  of the ve r t i ca l  d i s p l a y  is lengthened f r o m  n o r m a l  and  the  
1-iglrt s i d e  is sho r t ened .  l’he r e s u l t  i s  that the r e a l  w o r l d  hor izon  
anti Llie d i s p l a y  hor izon  ro l l  together .  
‘1 he nuinber of beaims d e t e r m i n e s  the 
C:. ‘I’he I t i t e r fe ro i i ie te r  Der iva t ions  
’1’he phase c o m p a r i s o n  technique de  te r tnine s the r a d a r  r e t u r n  
a r r i v a l  angle.  
whose outputs a r e  compared  in phase.  
f rom above o r  below the bores ight  of the two a n t e n n a s  ( the  c e n t e r  
l ine  of the two antennas  o r  the a i r c r a f t  longitudinal a x i s ) ,  w i l l  
a r r i v e  a t  one antenna before  the o t h e r .  Difference in  t ime of 
a r r i v a l  c a u s e s  the  output of one antenna to lead o r  l a g  the output 
of the o t h e r .  Taking one antenna a s  a r e f e r e n c e  and ’3 as  the ang le  
off boresight ,  the e x p r e s s i o n  f o r  t he  phase  sh i f t  in the  other- an tenna  
is : 
Cons ide r  two vertical1 y spaced  rece iv ing  a n t e n n a s  
Rada r  e n e r g y  r e t u r n i n g  
0’= 360 (D12)  s i n  Q 
where  Il i s  given in wavelengths  
o r  
$J = (D)  s i n  8 
where  D is given in e l e c t r i c a l  d e g r e e s  of an tenna  spac ing .  
The  voltage output f r o m  the  s y s t e m  phase  d e t e c t o r  ( r e l a t i v e  t o  the 
peaks and  nu l l s )  c a n  be d e s c r i b e d  by: 
v = s i n  9’ 
Thus ,  V = s i n  9’ = s i n  (D s i n  Q )  (See F i g u r e  2 .  ) 
The voltage output f r o m  the  phase d e t e c t o r  would then swing 
smoo th ly  f r o m  pos i t ive  to  negat ive vol tages  as  a t a r g e t  is g r a d u a l l y  
moved anray f r o m  the bores ight  a x i s .  
caused  b y  the inult i lobes of the i n t e r f e r o m e t e r  p a t t e r n  of the two 
antennas a 
T h e s e  voltage swings a r e  
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Figure 2. Monopulse Interferometer Principle 
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' I 'he d e p r e s s i o n  angle  8 ,  o r  the bo res igh t  offset  angle  is relatetl  t o  
the a l t i tude and r ange  t o  the t e r r a i n  a s :  
A 
s i n  8 = -  R 
and coiiibining with the voltage r e l a t ions ,  
f o r  s m a l l  ang le s  this  r e d u c e s  t o  
DA 
R V = s in  (-) 
The preceding  vol tage r e l a t ions  f o r  the i n t e r f e r o m e t e r  s y s t e m  
assume o n l y f l a t  t e r r a i n  and  no pitch of the a i r c r a f t .  
gene ra l  e x p r e s s i o n  fol lows,  using the f i r s t  t e r m  f o r  the f l a t  t e r r a i n  
condition and the second t e r m  f o r  a mounta in  s lope .  
A m o r e  
17 - A M R - R  
Where A '  would be  the a l t i tude  if  the  mountain s lope  w e r e  ex tended  
to  below the  a i r c r a f t  and the f l a t  t e r r a i n  did not  e x i s t .  The t e r m s  
a r e  defined a s :  
t 8 = Down angle  wi th  r e s p e c t  to  a i r c r a f t  b o r e s i g h t  
- 8 = U p  angle  
t 4  = Upward t i l t  of ground plane 
= Range to  mountain 
1\/1 
I3 = Range  
o r  
R = -  
I , A + R M &  
1 e ' R  - # I )  
I1 A 
R V g '  s i n  (- ) 3- 
L L 
M R - R  r 
A + R M &  
r 
R = A  
M R = R  
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k'or sinal1 inountain s lopes  
(20 '  is high f o r  ave rage  t e r r a i n )  
The s y s t e m  output voltage i s  plotted a s  a fuhct ion of r ange  f o r  
f i g u r e s  3,  4 and 5. The change in the vol tage wavefo rm is shown 
wi th  a l t i tude  and at t i tude.  
D.  Rea l  World Ver t i ca l  Sweep Genera t ion  
The v e r t i c a l  sweep  f o r  the v e r t i c a l  d i s p l a y  is de r ived  f r o m  the 
r ange  and  voltage informat ion  shown in the prev ious  sec t ion  (C) .  
The sweep  is ini t ia ted when the f i rs t  posi t ive t a r g e t  is r ece ived  in  
the v ic in i ty  of the nine degree d e p r e s s e d  b e a m ,  and the s lope  of the  
s w e e p  m u s t  depend on the f r equency  (or pe r iod )  of the voltage wave-  
for in  and the  range  (or t i m e ) .  This  r e l a t ion  i s  e x p r e s s e d  
Where  * is the s ina l l  acu te  angle  that the impinging e n e r g y  f o r m s  
wi th  the s lope  of the t e r r a i n .  
between the a i r c r a f t  longitudinal axis and the t e r r a i n ,  a l though i t  
m a y  be the s a m e  f o r  the spec ia l  c a s e  w h e r e  the a x i s  of the a i r c r a f t  
and the plane of the f la t  ground a r e  pa ra l l e l .  
ang le s  a r e  a lways  propor t iona l .  
in the r eg ion  of dead  ahead)  and AR is the i n c r e m e n t  of r ange  
be tween the c r o s s o v e r  points in  the v ic in i ty  of the o b s e r v e d  b e a m ,  
( C r o s s o v e r  is def ined a s  the change of the vol tage output f r o m  plus 
t o  minus . )  This  expres s ion  def ines  a voltage with a s lope  propor-  
t ional t o  the r a t i o  of the range  to the per iod  of the r e t u r n  s igna l .  
The \.oltage i s  c l amped  to z e r o  until  the  f i r s t  r e t u r n  f r o m  the nine 
d e g r e e  d o ~ v n  b e a m  is rece ived .  
vol tage and the  e f f e c t  of a mountain on that  s lope .  
i s  not a m e a s u r e  of the angle  
However ,  the  two 
6 is the  b e a m  width (of one lobe 
F i g u r e  6 shows a typical  sweep  
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Figure 3. System Output as a Function of Slant Range, Alt. 500 Ft. 
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Figure 4. System Output as a Function of Slant Range, Alt. 100 F t  
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Figure 5. Voltage Output as a Function of Slant Range with the Aircraft Diving loo 
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SWEEP BEGINS WHhN 9" 
DEPRESSED BEAM IS RECCEWED. 
(SWEEP WOULD NOT CHANGE W I T #  
FEATURE .) 
PIRU IF IT MERE NOT FOR THIS 
Figure 6. Vertical Deflection Voltage as a Function of Time 
]'he ve r t i ca l  sweep  c i r c u i t s  a r e  composed  of two m a j o r  p a r t s ;  the  synthet ic  
s \ \eep  and the i n t e r f e r o m e t e r  co inpa ra to r .  
toge ther  to p r e s e n t  r a d a r  t e r r a i n  r e t u r n s  i n  a p r o p e r  pe r spec t ive  ( angu la r  
p o s i t i o n )  on the ve r t i ca l  d i sp lay .  
These  two c i r c u i t s  funct ion 
['he synthet ic  s l i e e p  o p e r a t e s  during the absence  of r a d a r  t e r r a i n  s i g n a l s .  
\\ hen r a d a r  r e t u r n s  a r e  rece ived ,  the i n t e r f e r o t n e t e r  c o i n p a r a t o r  c i r c u i t s  
ove r -  r i de  the synthet ic  s w e e p  and acqui re  con t ro l  of the v e r t i c a l  d i sp l ay .  
The  synthe t ic  sweep  g e n e r a t e s  a wavefo rm co r re spond ing  to a ma themat i ca l  
c a s e  of f la t  e a r t h .  It o p e r a t e s  using a p r i o r i  a s s u m p t i o n s  of the t e r r a i n  
c h a r a c t e r i s t i c s ,  i. e . ,  that  the t e r r a i n  is f l a t  u n l e s s  t h e r e  is in fo rma t ion  to  
the c o n t r a r y .  
r a d a r  r e t u r n s .  
low ang les  of inc idence  m a y  c a u s e  m o s t  of the t r a n s m i t t e d  e n e r g y  to  be  
r e f l ec t ed  a w a y  f r o m  the  a i r c r a f t .  
'This is  cons i s t en t  with the p red ic t ed  behavior  of t e r r a i n  
F l a t  t e r r a i n  wi l l  mos t  often c a u s e  s igna l  to  be  lo s t .  The 
L a r g e  obs t ac l e s ,  on the o the r  hand, a r e  g e n e r a l l y  good r a d a r  t a r g e t s  and 
s i g n a l s  can  r e a s o n a b l y  be expected f r o m  a s t a t i s t i c a l l y  l a r g e  n u m b e r  of 
theti). 
a p r i o r i  a s su tnp t ions  of the synthet ic  s w e e p  and wi l l  posi t ion the r e t u r n s  
a c c o r d i n g  to the i r  m e a s u r e d  angle  of a r r i v a l .  
t o r  counts  the number  and rate of the i n t e r f e r o m e t e r  b e a m s  r ece ived  b y  the 
two an tennas  and is capable  of de te rmining  the e leva t ion  angle  of a r r i v a l  of 
the r a d a r  r e t u r n s .  
s w e e p  is unde r  con t ro l  of the i n t e r f e r o m e t e r  c o m p a r a t o r ,  then the synthet ic  
s w e e p  wi l l  r e s u m e  cont ro l .  
f e r o m e t e r  c o m p a r a t o r  o p e r a t e  toge ther  to posit ion the v e r t i c a l  s w e e p  in  
a c c o r d a n c e  wi th  the ava i lab le  information.  
s u c h  that  i t  could be r e l i e d  upon to  a lways give u s a b l e  r a d a r  r e t u r n s  then 
t h e r e  lvould be  no  need f o r  the synthet ic  sweep.  
the s ) n t h e t i c  slveep \vas c r e a t e d  to supplement  the angle  of a r r i v a l  i n fo rma-  
t lon d e r i v e d  by  the i n t e r f e r o m e t e r  c o m p a r a t o r .  S e e  F i g u r e  7. 
When this  s i tua t ion  o c c u r s ,  then the c o i n p a r a t o r  wi l l  o v e r - r i d e  t h e  
The i n t e r f e r o m e t e r  c o m p a r a -  
If s igna l  should b e  m o m e n t a r i l y  l o s t  while  the v e r t i c a l  
In th i s  m a n n e r  the synthe t ic  s w e e p  and  i n t e r -  
If t e r r a i n  c h a r a c t e r i s t i c s  w e r e  
S ince  this  is not the c a s e ,  
35 
A b  RADAR fff 7ERF.FROMETER TUANSM/ T T€l? + BEAM AND PHASE - 
I I 
- DUALCHAMNEL 
MONOPUL 5E 
R E C  E /  VEER 
S Y N T ~ E T I C  
SW€€P AND SWEEP 
GENER4TOR COMPARA TQOq 
DE TEC TOR c o w  rER 
AND ROLL 
SENSOR 
S E N S O R  
- 
L, 
Figure 7. Three Dimensional Radar, Block Diagram 
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P'unc t i o n  
The synthet ic  sweep  is a solid state function g e n e r a t o r  which  g e n e r a t e s  
the p r o p e r  ve r t i ca l  s w e e p  waveforiii f o r  the p a r t i c u l a r  c a s e  of f la t  
t e r r a i n .  It a l s o  s e r v e s  a s  a referel ice  voltage and is c-oinpared in the 
inte r fe ro t i ie te r  con ipa ra to r  c i r r -ui ts  to de te r tn ine  if the  ac tua l  r e t u r n s  
rece ived  b y  the r a d a r  co r re spond  to the f l a t - e a r t h  c a s e .  If the r e t u r n s  
d i f f e r  (as they  usua l ly  wi l l )  then o v e r - r i d e  c i r c u i t s  t r a n s f e r  con t ro l  of 
the ve r t i ca l  sweep  f r o m  the synthet ic  sweep  to the i n t e r f e r o m e t e r  beam- 
coun te r  c i r c u i t s .  
r a d a r  r e t u r n s  they  main ta in  control  of the ve r t i ca l  sweep .  
A s  long a s  the beam-coun te r  c i r c u i t s  a r e  rece iv ing  
T h e o r y  of Opera t ion  
The synthet ic  s w e e p  g e n e r a t e s  a voltage which is propor t iona l  to the 
e leva t ion  angle  of' a r r i v a l  for the c a s e  of f la t  t e r r a i n .  
g e o m e t r y ,  th i s  voltage has  the f o r n i :  
From the  
E(t)  = 8( t )  : a r c s i n  -2A,'ct 8 angle  of a r r i v a l  as  m e a s u r e d  
f r o m  the hor izon  
For sii3all ang le s  (Q 5 14")  A = absolu te  a l t i tude  
c = speed  of light 
t = time w h e r e  t l i e s  be tween 
'This can  be s impl i f ied  to  
E ( t )  = -KLA/ct 
w i th  less than 1%) e r r o r  - 2A f t f 00 C 
This  funct ion c a n  be approx ima ted  o v e r  the  reg ion  of i n t e r e s t  b y  a 
s i m p l e  R - C  charg ing  ne twork  with an  e r r o r  of about  1 ". 1 
1.  To g e n e r a t e  the a r c s i n  function a t  the r e q u i r e d  speeds  is difficult .  
s h a p e  i s  sugges t ive  of an exponent ia l  r i s e t i rne  function. To a c c u r a t e l y  
g e n e r a t e  this  function wi th  a K-C o r  L -R  c i r c u i t ,  however ,  the " t ime 
cons t an t "  m u s t  change a s  a function of t ime.  
in  s e v e r a l  w a y s .  One would be to  u s e  non- l inear ,  R ,  C y  or L e l e m e n t s .  
Another  would be  to use t h r e e - t e r m i n a l  e l e m e n t s  whose  values  could be  
con t ro l l ed  b y  an ex te rna l  voltage. Another  way  would be to approx ima te  
the c u r v e  by  s t ep -wise  inc reas ing  the t ime-cons tan t  b y  m e a n s  of hold- 
off  d iodes .  Since the ve r t i ca l  e r r o r  is l e s s  than 1 "  when a s i m p l e  R - C  
funct ion g e n e r a t o r  is  used,  the addi t ional  complexi ty  in t roduced  b y  a n y  
of these  me thods  did not appea r  to  w a r r a n t  t he i r  u s e  a t  th i s  s t a g e  of 
deve lopment .  
I t s  
This  could be accompl i shed  
37 
' 1 ' 0  tiiaintaiil a p i -oper  v e r t i c a l  d i s p l a y  dur ing  a i r t ' r a f t  tiiaticiivcrs, t l i c  
b a s i c  ver t ical  sweep  waveforn i  mus t  be  tiiotlified b y  inppts  frotn a l t i tude ,  
ro l l ,  and pitch s e n s o r s .  
the block d i a g r a m ,  F i g .  8. The w a v e f o r m s  dur ing  a typical  v e r t i c a l  
p rof i le  a r e  shown in F ig .  9 .  
T h e s e  funct ions a r e  accompl i shed  as  shown in 
c: i r cu i t  Descr ip t ion  and Opera t iona l  Scxquence 
Sync.  P u l s e s  f r o m  the n lagnet ron  t r i g g e r  a 10  n i ic ro6econd one-shot  
i i iul t ivibrator  a t  t i m e  t . 
r a m p  and i s  applied to one s i d e  of the al t i tude vol tage c o m p a r a t o r .  
r a m p  is co inpared  to a r e f e r e n c e  d-c voltage that  is propor t iona l  to a l t i tude .  
When the r a m p  e x c e e d s  the r e f e r e n c e  voltage ( t  ), i t  t r i g g e r s  the 100  
m i c r o s e c o n d  ve r t i ca l  s w e e p  mu1 t iv ib ra to r .  
The s q u a r e - w a v e  output is in t eg ra t ed  t o  a l i n e a r  
0 
The 
1 
A .  Exponential  Sweep 
This  voltage is appl ied to  a t r a n s i s t o r  ga te  which c l o s e s  and in i t i a t e s  
the exponent ia l  sweep.  The rise t i m e  of t h i s  w a v e f o r m  is con t ro l l ed  
b y  a n  al t i tude ope ra t ed  R - C  network,  whose t i m e  cons t an t  i n c r e a s e s  
wi th  inc reas ing  al t i tude.  
13. P i t c h  Control 
The sweep  i s  appl ied to the pi tch voltage c o m p a r a t o r  w h e r e  i t  i s  refer- 
enced  aga ins t  a d-c  voltage propor t iona l  to a i r c r a f t  pitch a t t i tude .  
the sweep e x c e e d s  the pi tch b i a s  ( t  ), the  c o m p a r a t o r  ampl i f i e s  the 
d i f fe rence  be tween the two vol tages  and app l i e s  the output  to the r o l l  
modulator .  
caus ing  the output of the synthe t ic  s w e e p  to d e c r e a s e .  
p i tches  downward, the b i a s  w i l l  f a l l  and the output w i l l  i n c r e a s e .  
When 
2 
if the a i r c r a f t  pi tches  upward ,  the  pi tch b i a s  wil l  i n c r e a s e  
If the a i r c r a f t  
C .  Rol l  Modulator 
Rol l  modulat ion i s  accompl i shed  b y  va ry ing  the ampl i tude  of the  v e r t i c a l  
s w e e p  waveform a s  a function of an tenna  a z i m u t h  beam posi t ion.  
depth of modulat ion i s  propor t iona l  to  r o l l  angle .  
t h e r e  i s  n o  modulat ion and  a l l  pu l se s  a r e  of equal  ampl i tude .  
r o l l  the  modulat ion would be loo'%. In the p r e s e n t  s y s t e m ,  however ,  the 
niodulation i s  l imi ted  to about  50% allowing a r o l l  capab i l i t y  of 2 3 7 " .  
The 
At ze ro  d e g r e e s  ro l l ,  
At  90" 
(See F ig .  10) .  
3s 
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Figure 8. Synthetic Sweep Generator, Block Diagram 
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Pf TCH CONTROL 
Figure 9. Pitch Control 
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L). Output 
The output of the ro l l  modulator  is appl ied to  an  e m i t t e r  fol lower buffer ,  
to provide i so la t ion  between the synthet ic  s w e e p  and the i n t e r f e r o m e t e r  
c o m  pa ra  tor  c i r c u i t s  . 
I N  T E  R F E R  OM E T E R  C OM P A R A  TOR 
Funct ion  
The in te r fe r2 ,meter  c o m p a r a t o r  niodif ies  the synthe t ic  s w e e p  voltage 
acco rd ing  to  informat ion  der ived f rom r a d a r  t e r r a i n  r e t u r n s ,  and 
c a u s e s  r e t u r n s  f rom non-f la t  t e r r a i n  to be p r e s e n t e d  on the d i s p l a y  a t  
the p r o p e r  posi t ion.  
l ' h e o r y  of Opera t ion  
The i n t e r f e r o m e t e r  c o m p a r a t o r  o p e r a t e s  as  a n  i n t e r f e r o m e t e r  b e a m  
c o u n t e r .  
f r o m  unequal path lengths  f r o m  a t a r g e t  to  the two rece iv ing  an tennas .  
R a d a r  r e t u r n s  f r o m  t a r g e t s  lying in a reg ion  w h e r e  the path d i f f e rence  
t o  the two r ece iv ing  an tennas  is  be tween n and n + 1 half wavelengths  
2 will  p roduce  phase de t ec to r  output pu lses  of the s a m e  polar i ty .  
f r o m  ad jacen t  b e a m s  produce pulses  of opposi te  po lar i ty .  The angle  
subtended b y  s u c h  a region f r o m  the a i r c r a f t  cons t i t u t e s  a n  i n t e r f e r -  
o m e t e r  beamwidth .  If the antennas a r e  spaced  30 wavelengths  a p a r t  
t h e s e  b e a m s  a r e  v e r y n e a r l y  to 1 "  wide in the reg ion  of i n t e r e s t  (0  to  
- +LO" in  e leva t ion) .  
I n t e r f e r o m e t e r  b e a m s  a re  caused  b y  phase  d i f f e rences  a r i s i n g  
R e t u r n s  
The i n t e r f e r o m e t e r  c o m p a r a t o r  d e t e r m i n e s  the r a t e  the phase  d e t e c t o r  
output i s  changing polar i ty .  
b e a m s  a re  being r ece ived .  
c o m p a r e s  the ac tua l  r a t e  with the r e f e r e n c e  r a t e ,  computed  f o r  f la t  
t e r r a i n  b y  the synthet ic  sweep.  
r a t e ,  indicating that  the t e r r a i n  is not f la t ,  then the c o m p a r a t o r  wi l l  
This is the r a t e  that  the i n t e r f e r o m e t e r  
I t  computes  th i s  r a t e  in  a analog m a n n e r  and 
If the ac tua l  rate e x c e e d s  the  r e f e r e n c e  
2 .  n is a n  in t ege r  0, 1 ,  2 . .  . . n ;  it m a y  take on a n y  value up to n max ,  
equal  to Zd, w h e r e  d is the antenna spac ing  in wavelengths .  If n is odd 
the phase de t ec to r  output wil l  be of one polar i ty ;  i f  n is even  the output 
wi l l  be of the opposi te  po lar i ty .  
41 
triodify the synthetic. sweep  wavefo rm s o  a s  to p r o p e r l y  posi t ion the 
r ; i ( la r  reL\ i rns  on t11c ( l isplay.  
I O  ;I resoIti t ioti  01' OIIC ctIevalion 1,eairiwidth (approxi i i ia te ly  1 " ) .  B y  
i i lodiI .yi i lg  the  c i rctiit r y ,  this tec.hnique can extend the r e so lu t ion  if 
~ i e c . e s s a l - y .  [io\\.evei-, the posit ioning a c c u r a c y  o f  one d e g r e e  w:as con-  
s i d e r e d  adequate  to  de i i lons t ra te  that  the  concept  and techniques  of the  
co inpa ra lo r  method w e r e  val id .  
' \ 'he con ipa ra to r  w i l l  1)osition the r e t u r n s  
Method of Operat ion 
A s impl i f i ed  block d i a g r a m  of the i n t e r f e r o m e t e r  c o m p a r a t o r  and i t s  
re la t ionship  to the synthet ic  s w e e p  is shown in F ig .  11. Th i s  f i g u r e  
indicates  how the  c o m p a r a t o r  modif ies  the synthe t ic  s w e e p  w a v e f o r m  
a s  i t  r ece ives  informat ion  f r o m  the phase  d e t e c t o r .  A typical  o p e r a -  
t ional sequence fo r  a s ing le  prof i le  is a l s o  i l l u s t r a t ed  in F i g .  11 a n d  i n  
i i iore detail in  F ig .  12. The sequence  i s  ini t ia ted b y  the  r e c e i p t  of the 
Iiodutator t r i g g e r  pulse  froin the Inagnetron.  
( r le termined by  the absolu te  a l t i t ude )  the synthet ic  sweep  begins  def lec t -  
ing the CR'l '  spo t  upward a t  t ime  t . At t the c o m p a r a t o r  d e t e c t s  a 
change i n  the po la r i ty  of the phase  d e t e c t o r  output and begins  count ing 
these  changes.  the coun te r  s tops  counting due e i t h e r  to  t e r r a i n  
with negative s l o p e s  o r  a r e a s  of v e r y  low ref lec t iv i ty .  The synthe t ic  
sweep  r ega ins  command  of the s w e e p  vol tage and the  sweep  p r o c e e d s  
on synthet ic .  
to ze ro .  At t 
de t ec to r  output pu l se s .  
m u c h  f a s t e r  r a t e  than the computed  r a t e ,  indicating the p r e s e n c e  of a n  
obs tac le .  Counting cont inues  unt i l  the r a d a r  ho r i zon  is r e a c h e d ,  which 
in this ca se  is above the f la t  e a r t h  hor izon .  The s w e e p  r e m a i n s  a t  th i s  
point until i t  i s  r e t u r n e d  to the bot tom b y  the t e rmina t ion  of the 100-  
mic ro - second  one - sho t  pulse  f r o m  the synthe t ic  sweep.  
coun te r  is  a l s o  s imul t aneous ly  r e s e t  to z e r o  and the  s igna l  p r o c e s s i n g  
c i r c u i t s  a r e  r e a d y  to o p e r a t e  on the next  t r a n s m i t t e d  pu l se .  
Af t e r  a su i tab le  de l ay  
0 1 
At t 2 
The o v e r - r i d e  of the  synthe t ic  s w e e p  r e s e t s  the  coun te r  
the c o m p a r a t o r  aga in  s e n s e s  a p o l a r i t y  change  in  phase  3 
The c o m p a r a t o r  begins  counting b e a m s  a t  a 
?'he beam 
In this manner ,  the v e r t i c a l  prof i le  p l aces  the r a d a r  r e t u r n s  in  the i r  
p rope r  perspec t ive  on the d isp lay .  
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C i r c CL i t De s c r i pt i on 
A tietaiiecl b r e a I \ - r l o w ~ ~  of the biuck d i a g r a m  is sIno\ \ in  In I4'ig. 13. 'rile 
opera t ion  of t hese  c i r c u i t s  a r e  a s  fol lows:  Bipolar pulsek f r o i n  the 
phase  de t ec to r  a r e  appl ied through a Go-Gate that  is enabled  b y  the  
synthe t ic  sweep.  
b e a m s  until  the  synthet ic  sweep beg ins  opera t ing .  
the coun te r  c i r c u i t s  wil l  not be ove r loaded  b y  t ry ing  t o  count  the  r a p i d l y  
o c c u r r i n g  b e a m s  in the reg ion  below - 2 0 " .  
The ga te  prevents  the c o m p a r a t o r  f ro in  count ing 
This  i s  done so  t ha t  
Upon e m e r g i n g  f r o m  the gate ,  the pu l ses  are ampl i f ied  b y  a p a r a p h a s e  
a m p l i f i e r  and s e n t  into one of two channe l s  depending upon the pulse  
polar i ty .  
con t ro l  t o  r e m o v e  a n y  a s y m m e t r i e s  in pulse  ampl i tude  due  to phase  
d e t e c t o r  unbalance.  
s e t t i ngs  f o r  s ens i t i v i ty  and noise leve l .  
pu l se s  a r e  appl ied to the Schmit t  t r i g g e r s  which shape  and l i m i t  the  
t r i g g e r  pu l se s  to  the coun te r  c i r cu i t s .  
E a c h  channel  has  provis ions  f o r  s e p a r a t e  ga in  and  th re sho ld  
Dual channel  cont ro l  a l s o  al lows independent  
The clipped and ampl i f ied  
The 16 s t a t e  counter  c o n s i s t s  of four h igh-speed  s e r i a l l y  connec ted  
t r a n s i s t o r  b i n a r i e s .  One b i n a r y  is connected to the two channe l s  and 
i t  changes  s t a t e  e a c h  t ime  the phase  de t ec to r  pu lses  change  polar i ty .  
'L'he changes  of the f i r s t  b i n a r y a r e  propagated  to the o t h e r  t h r e e  by 
m e a n s  of high-speed ga te s .  The fou r  b i n a r i e s  count  i n  the n u m b e r  of 
b e a m s  r ece ived .  The four  outputs of the coun te r  a r e  ampl i f ied  and 
l imi t ed  to  a cons tan t  voltage and appl ied  t o  a 3 s t age  Kirchoff a d d e r .  
Fl ip-f lop p a i r s  #1 & #Z and #3 & #4 are  f i r s t  added toge ther  and then 
t h e s e  two outputs  are combined in  a th i rd  a d d e r .  In th i s  m a n n e r  the 
b i n a r y  d ig i t s  s t o r e d  in  the  coun te r  a re  conve r t ed  to  a n  ana log  vol tage .  
The output of the th i rd  a d d e r  is the 16  s t e p  s t a i r - c a s e  ana log  w a v e f o r m  
whose s lope (number  of s t e p s  p e r  un i t  t i m e )  r e p r e s e n t s  the r a t e  a t  which  
i n t e r f e r o m e t e r  b e a m s  a r e  being rece ived .  
The output of the a d d e r  is c o m p a r e d  wi th  the synthet ic  s w e e p  i n  the 
c o m p a r a t o r - a d d e r  c i r cu i t s .  Whenever  the counter  begins  count ing 
beams, i t  m o m e n t a r i l y  a s s u m e s  c o n t r o l  of the v e r t i c a l  sweep .  This  
is done b y  s t ep -wise  adding the va lue  of one count  t o  the value of the 
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synthetic s w e e p  voltage a t  the t ime the coun te r  begins counting. 
long as  the coun te r  i s  counting b e a m s  in  e x c e s s  of the r a t e  a s  computed 
b y  the synthet ic  sweep  f o r  f la t  t e r r a in ,  it  r e t a i n s  cont ro l  of the s w e e p  
voltage. 
in  the previous e x a m p l e )  the synthetic s w e e p  r e g a i n s  cont ro l  wheneve r  
i ts  value e x c e e d s  that of the beam coun te r  ( t ime  t 
At this  time the coun te r  is r e se t  to z e r o  b y  m e a n s  of the c u r r e n t  s e n s o r  
and r e s e t  c i r c u i t s .  P r e s e t t i n g  the coun te r  e a c h  t ime  the sweep  cont ro l  
r e v e r t s  back  to the synthet ic  sweep c a u s e s  the effect ive counting r ange  
of the coun te r  to be  extended. 
count only 1 6  b e a m s .  With r e se t ,  the coun te r  c a n  c o r r e c t l y  count a n y  
number  of b e a m s ,  provided there a r e  no m o r e  than 16  in a n y  one con-  
secut ive  sequence .  
A s  
2 However ,  if the counter c e a s e s  to  count ( such  a s  a t  t i m e  t 
in the e x a m p l e ) .  3 
Without r e s e t ,  the coun te r  could c o r r e c t l y  
The output of the c o m p a r a t o r - a d d e r  is sen t  to a buffer  stage and  then 
applied to  the input of the ver t ical  def lect ion ampl i f ie r .  
C i r c u i t  Design Cons ide ra t ions  
The function of the i n t e r f e r o m e t e r  c o m p a r a t o r  could have,  no doubt, 
b e e n  accompl i shed  in s e v e r a l  different ways .  A s  wi th  a n y  e l e c t r o n i c  
c i r c u i t r y  of this  magnitude of complexity,  t he re  a re  s e v e r a l  d i f fe ren t  
me thods  which could have been used  to s a t i s f a c t o r i l y  p e r f o r m  the 
r e q u i r e d  function. 
t ions given to  the des ign  of the var ious  port ions of the i n t e r f e r o m e t e r  
c o m p a r a t o r  : 
The following is a brief d i s c u s s i o n  of the c o n s i d e r a -  
1 .  P h a s e  Spl i t te r  
In the des ign  of the phase sp l i t t e r  c i r cu i t ,  cons ide ra t ion  w a s  first 
given to using a different ia l  a m p l i f i e r .  
s e l e c t e d  f o r  independent gain se t t i ngs  of the two outputs and  b e c a u s e  
i t  o f fe red  two outputs of equal impedance .  This configurat ion w a s  
found to have uncontrol led phase sh i f t  between the two outputs due 
to d i f fe rences  in t r ans i s to r  p a r a m e t e r s .  
t r igger ing  p rob lems  o c c u r r e d  due to unequal de lays  in  the two 
channels .  
this  r educed  the phase shift to a n  accep tab le  value.  
This configuration w a s  
The r e su l t  w a s  that counter  
A paraphase  ampl i f ie r  w a s  subst i tuted in its place and 
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3 .  
Sc n s i ti v i t y and 'I' tire s ho It1 C i r cu i  t s 
' 1 ' 1 1 c  \\,i(Ie va.r i ( : ty  o f  s i g n a l s  that coc1lc1 be expec ted  froti1 the phase  
(1( : tc . ( . tOl .  i,res;btite(I potential  problei i is  of L). C;. b i a s  l e v e l  c-lianges 
\\ / i t t i  changing iiiput s igna l s .  
\ \{ere  r equ i r ed  to p reven t  s ens i t i v i ty  and threshold  l e v e l s  f r o m  
changing o v e r  the expec ted  dynamic  r ange  of input s i g n a l s .  
Carefu l  choice of coupling me thods  
C oun t e  r C i r cu i  t s 
Severa l  types of coun te r  c i r c u i t s  w e r e  cons ide red  f o r  th i s  appl ica-  
tion. 
b i n a r y  coun te r s .  
i t s  potential  low c o s t  on the b a s i s  tha t  ava i l ab le  c o r e s  would not  
ope ra t e  r e l i a b l y  a t  the r e q u i r e d  speeds .  
One w a s  a magne t i c  c o r e  coun te r  and t h r e e  w e r e  t r a n s i s t o r  
The magnet ic  c o r e  coun te r  w a s  r e j e c t e d  desp i t e  
' l 'he  t h r e e  types of t r a n s i s t o r  c o u n t e r s  cons ide red  d i f fe red  in the method 
u s e d  to  keep the b i n a r i e s  f r o m  sa tu ra t ing .  
< .ons idercd  n e c e s s a r y  if inexpens ive  t r a n s i s t o r s  t ypes  w e r e  t o  be u s e d .  
t h r e c: I 1 1 e I h o d  s c' on s i de r ed  we re : 
Non-sa tura t ing  b i n a r i e s  w e r e  
The 
a )  Zene r  diode c l amping  
b)  F o r w a r d  b i a sed  diode c lamping  
c )  C u r r e n t  mode  switching 
'The zener  diode c l amping  method of fered  the l e a s t  des ign  p r o b l e m s  
but was the  m o s t  expens ive  method s ince  the z e n e r  d iodes  c o s t  about 
twice a s  m u c h  as the t r a n s i s t o r s .  
b i a s e d  diodes,  w a s  l e s s  expens ive  but th i s  method r educed  the swi tch-  
ing speed of the t r a n s i s t o r s  below a usab le  value.  
i n g  i s  the l e a s t  expens ive  of the t h r e e  types  c o n s i d e r e d ,  bu t  is is m o r e  
diff icul t  to des ign  due to the  additional c o n s t r a i n t s  imposed  upon the 
c i r c u i t  des igne r .  Af te r  s o m e  cut-and-  t ry ,  this  method w a s  s u c c e s s f u l l y  
employed wi th  good r e s u l t s .  
The second method,  u s ing  f o r w a r d  
C u r r e n t  mode  swi tch-  
Two types of coupling c i r c u i t s  w e r e  cons ide red  for  t r i g g e r i n g  the fou r  
b i n a r y  s tages .  
f i r s t  a t tempted.  
the d i f fe ren t ia t ing  ne tworks  which  c a u s e d  the t r i g g e r  ampl i tudes  to b e  
R - C  d i f fe ren t ia t ing  ne tworks  with s t e e r i n g  d iodes  w e r e  
This  w a s  found to  b e  u n s a t i s f a c t o r y  due to l o s s e s  in  
marg ina l .  ‘ I r a n s i s t o r - d i o d e  and g a t e s  w e r e  then t r i e d .  ‘l’hese func-  
t ioned v e r y  wel l ,  and a l s o  se rved  a dual funct ion as  bu f fe r s  be tween 
the counter  b i n a r i e s  and the adder  s t a g e s .  
4 .  Adder  C i r c u i t s  
Two types of a d d e r  c i r c u i t s  w e r e  cons ide red :  
and  Kirchoff a d d e r s .  
(N.2N) b a s i s  of cos t .  2 
plus ano the r  1 6  d iodes  to add the propos i t ions  toge ther ,  . nak ing  a 
total  of 48 d iodes  r e q u i r e d .  
about  twelve t i m e s  h igher  than f o r  Kirchoff a d d e r s .  
Diode m a t r i x  a d d e r s  
The diode m a t r i x  a d d e r s  w e r e  r e j e c t e d  on the 
A 16 s t a t e  m a t r i x  would r e q u i r e  32 d iodes  -
The c o s t  of this  a p p r o a c h  would be 
HORIZONTAL S W E E P  CLRCUITS 
The hor izonta l  s w e e p  c i r c u i t s  pe r fo rm the  r e l a t i v e l y  s i m p l e  t a s k  of t r a n s -  
mi t t ing  the antenna az imuth  b e a m  posit ion in fo rma t ion  to the P . R .  F. F M  
c i r c u i t s ,  hor izonta l  def lect ion ampl i f i e r s ,  and  the synthe t ic  sweep  r o l l  
modu la to r  c ir cu i t s  . 
ANTENNA AZIMUTH BEAM POSITION 
‘Theory of Opera t ion  
The antenna a z i m u t h  b e a m  posit ion is a l i n e a r  function of the r idge  
d r i v e  sha f t  angu la r  posit ion.  
posi t ion to the r equ i r ed  c i r cu i t s ,  a s e n s o r  whose  output is propor t iona l  
t o  r idge  d r i v e  sha f t  posit ion is ins ta l led  on the dr iv ing  m o t o r .  
s e n s o r  m a y  be e i t h e r  a s ine-cos ine  cont inuous turning poten t iometer  
o r  i t  m a y  be a Reso lve r  positioning device  c o m m o n l y  u s e d  in  s e r v o -  
m e c h a n i s m s  appl ica t ions .  
i t  is connected proper ly .  
b e c a u s e  of i t s  low c o s t  and avai labi l i ty .  
To  t r a n s m i t  the antenna az imuth  b e a m  
This  
A synchro  t r a n s m i t t e r  m a y  a l s o  be used  if 
This  l a t t e r  method w a s  u s e d  in  the s y s t e m  
C i r c u i t  De sc r ip t ion  
The block d i a g r a m  of the horizontal  sweep  c i r c u i t s  is shown in  F ig .  14. 
The osc i l l a to r -  power ampl i f i e r  combina t ion  provide exc i ta t ion  f o r  the 
s y n c h r o - t r a n s m i t t e r .  
is ampl i tude  modulated as  a function of the m o t o r  d r i v e  sha f t  posi t ion.  
The output of the s y n c h r o  is a a - c  wavefo rm that 
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'l'llis i s  then appl ied to the del , lodulator-f i l ter  ne twork  w h e r e  the modu- 
lation is rei>loved f r o m  the c a r r i e r .  'l'he rnodulation w a v e f o r m  c o n s i s t -  
ing ol a L O  c p s  s ine  wave  i s  then alnplified and s e n t  to the  ho r i zon ta l  
deflection c i r c u i t s ,  P R F - F M  c i r c u i t s ,  and  Roll  modula tor .  Sine-  
c o s  irie po ten t iometers  w e r e  o r ig ina l ly  ins ta l led  as the angu la r  s e n s o r .  
'I'his method a p p e a r e d  in i t ia l ly  a t t r a c t i v e  b e c a u s e  of its s impl i c i ty ,  i n  
that  the e x c i t e r - a m p l i f i e r  and demodu la to r - f i l t e r  c i r c u i t s  would have 
been  unnecessa ry .  The method w a s  soon abandoned,  however ,  urhen i t  
b e c a m e  a p p a r e n t  the s ine -cos ine  po ten t iome te r s  had v e r y  high f a i l u r e  
r a t e s  a t  the high scanning  s p e e d s  employed .  
P. R ,  F. FREQUENCY MODULATION CIRCUITS 
Funct ion 
The P. R .  F. f r equency  modulat ion c i r c u i t s  equa l i ze  the informat ion  
coa ten t  a c r o s s  the f a c e  of the  C.  R .  T .  d i sp lay .  
P e r h a p s  the  b e s t  w a y  to expla in  the funct ion of the P. R .  F. is to 
examine  the d i s p l a y  c h a r a c t e r i s t i c s  that  would o c c u r  i f  the  r a d a r  t r a n s -  
mi t ted  at a cons tan t  P. R .  F. 
The s inusoidal  antenna az imuth  s c a n  c a u s e s  the a z i m u t h  b e a m  to spend 
triore t ime a t  the e d g e s  of the d isp layed  area than i t  d o e s  a t  the middle .  
This  c a u s e s  the ve r t i ca l  sweep  l ines  to be unequal ly  d i s t r ibu ted  a c r o s s  
the display.  They  would be "bunched up"  a t  the e d g e s  and  be  s p a r s e  in 
the cen te r .  The in fo rma t ion  content  of the d i s p l a y  is then g r e a t e r  a t  the 
edges  than the c e n t e r ,  a n  undes i r ab le  s i tuat ion.  
pi lot  d e s i r e s  the  m o s t  i n fo rma t ion  in  the  d i r e c t i o n  he  is going r a t h e r  than 
20"  o r  30" e i t h e r  s ide  of the f l igh t  path.  ) 
(It  is a s s u m e d  that  the 
To ove rcome  this  effect ,  the  P. R. F. of the  r a d a r  is va r i ed  as  a co-  
s inusoidal  funct ion of the look angle .  
c e n t e r  of the d i s p l a y  (where  the b e a m  is moving f a s t e s t )  and lowes t  a t  
the edges (where  the b e a m  is s lowing down and  turn ing  a r o u n d ) .  
doing this the P . R .  F. v a r i e s  a s  the r a t e  of change  of s c a n  angle ,  dQ/dt ,  
and the number  of pu lses  p e r  d e g r e e  of s c a n  a re  cons t an t  o v e r  the e n t i r e  
The P . R .  F. is h ighes t  a t  the 
By  
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f i e ld  of view. 
pu l se ,  the s w e e p  l ines a r e  spaced equid is tan t  across the C X T  disp lay .  
Since t h e r e  is one ve r t i ca l  s w e e p  l ine  t r a n s m i t t e d  pe r  
P. K .  F. - F M  CIRCUITS 
C i r c u i t  Descr ip t ion  ( S e e  F i g u r e  15) 
The cos inuso ida l  wave fo rm f r o m  the hor izonta l  sweep  c i r c u i t s  i s  appl ied  
to  a self-balancing p a r a p h a s e  ampl i f i e r  and  then fu l l -wave  r ec t i f i ed .  
The ful l -wave r ec t i f i ed  output is then appl ied  to the con t ro l  g r i d  of a 
c a t  hode- c ou ple d free - running inul t ivibr  a to r whose  f requenc  y of os c i l l  a- 
t ion is propor t iona l  t o  the cont ro l  g r id  vol tage.  The output of the mul t i -  
v i b r a t o r  c o n s i s t s  of f r equency  modulated s q u a r e  waves ,  whose  dura t ion  
is propor t iona l  to the ampli tude of the g r i d  wavefo rm.  
waves  a re  d i f fe ren t ia ted  and the posi t ive s p i k e s  a re  appl ied  to  a t r i g g e r  
b locking-osc i l la tor  i n  a conventional gas- tube m a g n e t r o n  modu la to r  
c i r c u i t  . 
The s q u a r e  
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Figure 19. Synchro Function Generator 
O .  1 IMPEZOV EMENT O F  VE!RTI(:AL RESOLUTION 
f ly  c ~ t c ~ c ~ l  r - i c  a l l y  rotat ing the. plaiir. of tht, antenna a r r a y  a s  a func-tion of the 
p l~asc .  h i s tory  of the r a d a r  r e tu rn ,  
c '111 be obtained. 
20.  ,4 phase sh i f te r  r o t a t e s  the plane of the an tennas  a s  a function of t ime.  
'The s y s t e m  functions as  a type of phase t racking  loop. 
s ight  of the antenna a r r a y  i s  m a d e  to t r a c k  the p h a s e  c e n t e r  of the r a d a r  t e r -  
r a in  r e t u r n s  as  a functiQn of t ime.  
l a r g e  i m p r o v e m e n t  ve r t i ca l  reso lu t ion  
A m e a n s  of doing this is  shown i n  the block d i a g r a m  in  Fig.  
The e l e c t r i c a l  b o r e -  
The  s y s t e m  o p e r a t e s  a s  follows: 
C o n s i d e r  the phase  sh i f t e r  in  t h e  d i ag ram a s  being a n  e l ec t r i ca l ly  cont ro l l -  
able  l ine s t r e t c h e r .  After  each t ransmi t ted  pulse ,  the phase  sh i f te r  begins  
sweeping  the bores ight  axis of the antennas upward  f r o m  s o m e  ini t ia l  d e p r e s -  
s ion angle  of approx ima te ly  -30"  to -45" .  
rate co r re spond ing  to the mot ion  of phase c e n t e r  f r o m  flat t e r r a i n  r e tu rns .  
If the t e r r a i n  i s  f la t ,  the mot ion  of the bores ight  axis coincides  with the mov- 
i n g  p h a s e  c e n t e r ,  and the output of the phase d e t e c t o r  i s  ze ro .  If the t e r r a i n  
is  not f lat ,  the mot ions  of the boresight  ax i s  and of the phase  c e n t e r  a r e  not 
synchronous  and a d i f fe rence  of phase e x i s t s  between the s igna l s  a t  the two 
antennas.  
p ropor t iona l  to the e r r o r .  
and i t  d r i v e s  the phase  e r r o r  to z e r o  by modifying the sweep r a t e  of the b o r e -  
s ight  ax is .  
ax i s  of the antennas i s  f o r c e d  to t r ack  the phase  c e n t e r  of the t e r r a i n  r e t u r n s .  
The  ampli tude of the phase  sh i f te r  control  voltage i s  d i r ec t ly  re la ted  to the 
angle  the bores ight  axis m a k e s  with the horizon.  
appl ied to the ve r t i ca l  deflection plates  of the C R T  disp lay  to p r o p e r l y  pos i -  
t ion the r a d a r  r e tu rns .  
The  bo res igh t  ax i s  i s  rotated a t  a 
The  phase  d e t e c t o r  s e n s e s  this  and w i l l  p roduce  a n  output voltage 
The e r r o r  voltage is  fed back to the phase sh i f t e r  
In th i s  m a n n e r ,  the feedback loop i s  c l o s e d  and the bores ight  
It c a n  be amplif ied and  
t 
The amount  of resolut ion improvemen t  that c a n  be obtained with this  s y s t e m  
i s  dependent  upon the t racking  angular  a c c u r a c y  of the antenna' plane. 
example ,  the t racking  a c c u r a c y  is  3 e l e c t r i c a l  phase  d e g r e e s ,  a ve r t i ca l  
reso lu t ion  of 1/00 d e g r e e  would r e su l t  i f  the ex is t ing  30 wavelength spacings 
w e r e  used.  
s y s t e m .  Conver se ly ,  i f  1 d e g r e e  resolution w a s  c o n s i d e r e d  to be adequate ,  
t h i s  could be obtained with a n  antenna spacing of one half wavelength.  T h i s  
would place the an tennas  so c lose  together that  they would touch each o ther .  
If, f o r  
Th i s  would be a n  improvemen t  of a f a c t o r  of 00 o v e r  the or ig ina l  
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Figure 20. Phase Shift Method of Obtaining Higher Angular Resolution 
'l'his technique would add l i t t le  c.omplexity to the ex is t ing  sys t em.  
Sh i f t e r  Funct ion G e n e r a t o r  would be a modif ied f o r m  of the Synthetic Sweep. 
The  v r r o r  voltage a d d e r  c i r c u i t  would r e p l a c e  the  I n t e r f e r o m e t e r  C o m p a r a t o r .  
'I'he P h a s e  Shif ter  would r e p l a c e  the Beam Coun te r  C i r c u i t r y .  
'The P h a s e  
o .  IN'I 'ERFEROMETER TECHNIQUE USING T H R E E  ANTENNAS 
A t h r e e - e l e m e n t  an tenna  a r r a y  a l l o w s  the u s e  of a d i f fe ren t  technique f o r  de-  
t e rmin ing  the angle  of a r r i v a l  of t e r r a i n  r e t u r n s .  The  advan tages  of t h i s  tech-  
nique o v e r  the ex is t ing  one i s  t ha t  the e leva t ion  angle  m a y  be  d e t e r m i n e d  with- 
out mak ing  any a s s u m p t i o n s  regard ing  the n a t u r e  of the t e r r a i n  and without 
counting and s to r ing  p rev ious ly  received informat ion .  T h e  b e a m  counting tech-  
nique of the two-e lement  a r r a y  m a y  s o m e t i m e s  be in  e r r o r  i f  the  coun te r  f a i l s  
to  count all the b e a m s  r ece ived ,  o r  if the t e r r a i n  r i s e s  so  s h a r p l y  tha t  the syn-  
the t ic  sweep h a s  apprec i ab le  e r r o r  before the  i n t e r f e r o m e t e r  c o m p a r a t o r  be-  
g ins  t o  function. 
e r r o r s .  
t e r r a i n  encountered.  
The  t h r e e - e l e m e n t  a r r a y  e l i m i n a t e s  the poss ib i l i ty  of such 
It  a l lows  the  s y s t e m  to  opera te  c o r r e c t l y  r e g a r d l e s s  of the types  of 
The  t h r e e - e l e m e n t  s y s t e m  u s e s  th ree  an tennas  loca ted  so a s  t o  f o r m  a r ight  
t r i a n g u l a r  configurat ion.  
rrradc on a r e tu rn ing  s igna l ,  one f rom each  of the  two or thogonal  p a i r s  of 
antcxniias. The  r a t e  of change of phase of the two m e a s u r e m e n t s  wil l  no t  be 
identic.al. As the angle  of a r r iva l  of t e r r a i n  r e t u r n s  changes ,  the p h a s e  de -  
t e c t o r  output f r o m  e a c h  p a i r  of adjacent  an tennas  wi l l  change  a t  d i f fe r ing  
r a t e s .  In a given pe r iod  of t ime ,  one p h a s e  d e t e c t o r  output w i l l  have  m o r e  
nu l l s  ( c r o s s o v e r s )  than the o ther .  
the  equiphase  contours .  
the e leva t ion  angle  of a r r i v a l  c a n  be d e t e r m i n e d  without chance  of ambiqui ty .  
Two s imul taneous  s e t s  of phase  m e a s u r e m e n t s  a r e  
This  i s  due  to  the hyperbol ic  c u r v a t u r e  of 
By compar ing  the  outputs  of the  two phase  d e t e c t o r s ,  
The  s y s t e m  c a n  be ope ra t ed  in  a m a n n e r  s i m i l a r  to  the or ig ina l ly  d e s c r i b e d  
i n t e r f e r o m e t e r  technique (fixed an tennas) ,  o r  the  two p a i r  of an tennas  c a n  be 
ro t a t ed  e l ec t r i ca l ly  by m e a n s  of two phase  s h i f t e r s  to  give the h ighe r  r e s o l u -  
t ion c h a r a c t e r i s t i c s  d e s c r i b e d  in  Section O .  1 
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6 .  3 CROSSED BEAM 
The  i n t e r f e r o m e t e r  b e a m  counting method c a n  be r ep laced  by u s e  of a rap id ly  
scanning  pencil  beam,  
T h e  nlain disadvantage i s  tha t  i t  r e q u i r e s  a much  h ighe r  r a d a r  P R F  to  co l - e r  
the s a n ~ c  a r c a  a s  the i n t e r f e r o m e t e r  method.  
i n fo rma t ion  per ta in ing  only to  one s m a l l  a r e a  of the t e r r a i n ,  r a t h e r  than  con-  
ta in ing  informat ion  on a prof i le  o r  l ine of t e r r a i n  t a rge t s .  In s o m e  c a s e s  th i s  
t l i sadvantag(~  wi l l  bc moro thancompensa ted  
s y s t e i i i  t o  d i s c e r n  all types  of t e r r a i n  in  i t s  p r o p e r  a n g u l a r  posi t ion.  
d o  th i s  b i thout  aid of o t h e r  a i r c r a f t  s e n s o r s ,  such  a s  g y r o s ,  a l t i m e t e r s ,  e tc .  
A method of obtaining a rapidly scanning  penci l  b e a m  i s  poss ib l e  through the 
u s e  of two r ap id - scan  an tennas  developed du r ing  th i s  study. T h e s e  an tennas  
a r e  a r r a n g e d  to f o r m  a c r o s s  o r  "X", similar i n  form to the  Mi l l s  C r o s s  
A r r a y .  In t h i s  a r r a n g e m e n t ,  the  t r ansmi t t i ng  and r ece iv ing  an tennas  both 
have  n a r r o w  "fan" b e a m s ,  but the  two b e a m s  a r e  o r i e n t e d  a t  r igh t  a n g l e s  to  
each  o the r ,  
w h e r e  the two b e a m s  ove r l ap ,  
loca t ion  of the i n t e r s e c t i o n  to  move  o v e r  the  r a d a r  f ie ld  of view. T h e  t e r -  
r a in  i s  pr inted o u t  on the  d i sp lay  i n  a point-by-point  m a n n e r .  
T o  gain a n  idea of what  such  a s y s t e m  migh t  r e q u i r e ,  c o n s i d e r  the  following 
ten ta t ive  specif icat ions f o r  provid ing  a l l -weathe  r ,  low- leve l  m i s s i o n  capab i l -  
i t y  to he l icopters  
Such a technique h a s  both advan tages  and d i sadvan tages .  
E a c h  r a d a r  pu l se  now con ta ins  
by the ab i l i ty  of the c r o s s - b e a m  
I t  c a n  
1 
E n e r g y  i s  r ece ived  f r o m  the t e r r a i n  only in  the  n a r r o w  reg ion  
Rapid-scanning  of the two an tennas  c a u s e s  the 
o r  l ight  obse rva t ion  a i r c r a f t .  
Resolution = 1 O x 1 O 
Field of view = 30"  x 30" 
F r a m e  Rate  = 15 F r a m e s / s e c  
Range = 1 / 2  m i l e  
T h e  r equ i r ed  P R F  i s  3 0 x 3 0 ~ 3 0  = 2 7 ,  000 pps.  
Because  of the l imi t ed  range  r e q u i r e m e n t s ,  a peak  pu l se  power  of 1 to  10 kw 
wi l l  suffice.  
a \ . e r age  power handl ing capabi l i ty  of the m a g n e t r o n  i s  27  wat ts .  
is  0. 0027.  
Taking the l a r g e r  f i g u r e  and a pu l se  width 0. 1 p s e c ,  the r e q u i r e d  
The  duty cyc le  
-A Mic ros t e rad ian  Antenna A r r a y ,  
If a r a s t e r  s c a n  i s  u s e d  to cove r  the r e q u i r e d  a r e a ,  then one antenna wil l  s can  
a t  a r a t e  of 15  cps ,  which p r e s e n t s  no p a r t i c u l a r  p r o b l e m s  fo r  the p r e s e n t  
r idge scanner .  The  o ther  antenna will be r e q u i r e d ,  however ,  to s c a n  at 450 
cps. To achieve th i s  s c a n  r a t e  with the p r e s e n t  des ign  might  be difficult ,  but 
the f e r r i t e  s c a n n e r  o r  the d ie lec t r ic  s c a n n e r  w i l l  be able  to handle t h e s e  r a t e s  
without difficulty. 
difficulty.  Consequently,  such a r a d a r  a p p e a r s  to be well  within the r e a l m o f  
feasibi l i ty .  
The above requirements do not a p p e a r  to  p r e s e n t  m u c h  
0.4  VARIABLE RESOLUTION SYSTEM 
A v a r i a b l e  resolut ion s y s t e m  provides  the pilot  with a d isp lay  whose  r e s o l u -  
tion i s  a function of az imuth  and elevation angle ,  
resolut ion and gives  the m o s t  information in  the d i rec t ion  of the flight path. 
Resolution d e c r e a s e s  a s  a function of angle  off the flight path and in fo rma t ion  
r a t e  i s  a function of angle. 
resolut ion i s  acceptable ,  the P R F  i s  qui te  low and the antenna s c a n - r a t e  high. 
In the c e n t e r  of the display,  w h e r e  high resolut ion i s  d e s i r e d ,  the P R F  in-  
c r e a s e s  and the scanning beam s l o w s  down to paint  a detai led p i c tu re  of t h i s  
port ion of the display.  
Such a d isp lay  h a s  the highest  
Around t h e  edges  of the d isp lay  w h e r e  d e c r e a s e d  
The  s i m p l e s t  v a r i a b l e  resolut ion s y s t e m  r e q u i r e s  t h r e e  f ea tu res :  
1 .  A method  of control l ing the PRF as  a function of s c a n  angle.  
2. A method of varying antenna scan  r a t e  as  a function of angle.  
3 .  A method  of i n c r e a s i n g  antenna beam width as  a function of angle.  
The  f i r s t  r e q u i r e m e n t ,  that  of var iable  P R F , i s  not difficuit  to  achieve.  
a voltage wavefo rm co r re spond ing  to the d e s i r e d  P R F  var ia t ion  i s  obtained, 
the P R F  is  var ied  in a m a n n e r  s i m i l a r  to that  shown in the P R F - F M  c i r c u i t s  
of Section 4. 4 
Once 
The  method of accompl ish ing  the second r e q u i r e m e n t ,  v a r i a b l e  s c a n  r a t e ,  
wil l  depend on the type of antenna employed. 
mechan ica l ,  var iab le  s c a n  m a y  prove difficult due to the r e q u i r e d  dr iv ing  
f o r c e s ,  resu l t ing  acce le ra t ions ,  and mechan ica l  s t r e s s e s .  If the m e c h a n i c a l  
s y s t e m  p r o v e s  d i f f icu l t ,  the f e r r i t e  s c a n n e r  o r  d i e l ec t r i c  s c a n n e r  can be u s e d  
to e l imina te  s o m e  of the mechanica l  cons t r a in t s .  If t h e s e  techniques a r e  not 
adequa te ,  then a combination s c a n  employing e l ec t r i ca l ,  m e c h a n i c a l  and 
'To accompl i sh  th i s  with a n  all- 
6 1  
and f requency  techniqiies c ' a n  \>e cniployed. 
ava i lab le ,  a lmos t  any type of s can  p a t t e r n  i s  poss ib le .  
The  th i rd  r e q u i r e m e n t , ,  that  of i n c r e a s i n g  antenna beamwidth as  a funct ion of 
s c a n  angle ,  r e q u i r e s  that  the s i z e  of the an tenna  a p e r t u r e  be va r i ed .  
l ine  S O C I I - C . ~  a r r a y ,  this  m e a n s  tha t  the effect ive rad ia t ing  length of the a r r a y  
m u s t  d e c r e a s e  a s  n function of s can , ang le .  Some i n c r e a s e  of beamwidth with 
s c a n  angle  i s  inherent  i n  l ine s o u r c e  a r r a y s .  O the r  techniques  tha t  m i g h t  
be used  to  i n c r e a s e  the beamwidth include u s e  of f e r r i t e  swi t ches ,  d iode  
cont ro l led  sho r t  c i r c u i t s ,  o r  ionized gaseous  s h o r t s .  F u r t h e r  inves t iga t ion  
wil l  be n e c e s s a r y  to  s e l e c t  the technique(s )  b e s t  su i ted  f o r  u s e  i n  t h i s  
appl icat ion.  
With t h e  mult ipl ic i ty  of techniques  ava i lab le  to fullfi l  the  t h r e e  r e q u i r e m e n t s ,  
a va r i ab le  resolut ion s y s t e m  a p p e a r s  to  be poss ib l e  with m o d e s t  i n c r e a s e  in 
s y s t e m  complexity.  
A use fu l  addi t ional  f ea tu re  of t h i s  s y s t e m  is the addi t ion of a " joyst ick" c o n t  
t ro l .  
the  d isp lay .  
though they  a r e  not on the fl ight path.  
A m o r e  e l abora t e  re f inement ,  but one offer ing s o m e  v e r y  i n t e r e s t i n g  p o s s i -  
b i l i t i es ,  i s  a va r i ab le  reso lu t ion  s y s t e m  in  which the  loca t ion  of the  high r e s o -  
lution a r e a  c o r r e s p o n d s  to the point on the d i sp lay  a t  which the p i lo t  i s  looking. 
Such a s y s t e m  m a t c h e s  the reso lu t ion  of the d i sp lay  t o  the of f -ax is  r e so lu t ion  
c h a r a c t e r i s t i c s  of the  eye  (F ig .  21) .  
T h i s  r e q u i r e s  the  u s e  of an  "eyebal l  s enso r" ,  capable  of d e t e r m i n i n g  the l o c a -  
t ion of the region of fovea l  v i s ion  on the  d isp lay .  
s e n s o r  migh t  p r e s e n t  s o m e  eng inee r ing  cha l lenges ,  but d o e s  not a p p e a r  t o  be  
imposs ib l e .  The advantages  of such a s y s t e m  a r e  g r e a t ,  fo r  now a n  op t imum 
m a t c h  i s  poss ib le  between the in fo rma t ion  r a t e s  i n  the  m a n - m a c h i n e  s y s t e m .  
With all of t h e s e  tec,hniques 
F o r  a 
c !" 
T h i s  enables  the pilot  t o  move  the reg ion  of high reso lu t ion  a round  on 
A r e a s  of p a r t i c u l a r  i n t e r e s t  c a n  be c lose ly  inves t iga ted ,  even  
The  development  of such  a 
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Figure 21. Curve of Daylight Visual Activity for Different Parts of the Eye' 
'''How We See: A Summary of Basic Principles" 
by A. Chapanis, in Human Factors in Undersea Warfare 
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7 ,  BASIC EQUATIONS ( I  n t e r f e r o m e t e r )  
A )  T€ lE  RANGE ( R )  TO T€IE TERRAIN ALONG DISCRETE NULLS ( N )  O F  
'THE INTERFEROMETER PATTERN Is:  
2 
2 D ( A c o s B  - s i n B )  
N c o s B  - s i n  B 
Jr*nL - A 
p." - N Z  ( 1 )  Rrl  - 
/ 
/ /-- 
Mountain 
R (N = 2D)  J 
r m 
Flat T e r r a i n  
W h e r e  
B = Slope of mountain 
rm = 
rn  = 
Minimum range  t o  mountain 
S lan t  r ange  to  mounta in  when the phase  d e t e c t o r  output is z e r o  
D = Number  of wavelengths  
N =  1 , 2 , 3 , 4  , . . .  
And the  following condi t ions:  
( 2 )  - 2 D L  N " 2 D  
( 3 )  r m -  R C  00 
(4) A 5  R < R m  
( 5) r m C  R < 00 
B) F o r  B = 0 i . e . ,  f la t  t e r r a i n ,  equat ion  1 r e d u c e s  to: 
W h e r e  N h a s  the  s ignif icance of number ing  b e a m s  up to the  ho r i zon .  
E x a m p l e :  N = 1 is 1s t  b e a m ,  N = 2 is  2nd b e a m ,  e t c .  
C )  THE NUMBER OF BEAMS FROM T H E  HORIZON T O  T H E  ALTITUDE 
L I N E  ( 0 "  t o  90 ' )  is equal  to  2D w h e r e  D i s  the n u m b e r  of wave leng ths .  
6 4  
D )  INTERFEROMETER PULSE WIDTH LIMITING OCCURS WHEN THE 
RAIN EQUALS T H E  RADAR TRANSMITTER PULSE WIDTH. 
LENGTH OF Two ADJACENT BEAMS INTERSECTING FLAT TER- 
0 1 R L - R  % 57.4A ( -) 
% @ L  1 
/ 
Where  
0 - 8 = I n t e r f e r o m e t e r  angular  null  spacing 1 2  
1 0 
= Angle at  which pu l se  width l imi t ing  o c c u r s  
R -R = P u l s e  width m e a s u r e d  in  f e e t  
(.  1 p s e c  t r a n s m i t t e d  pu l se  = 50 f ee t )  
Typica l  Example  
0 If A = 100 f ee t ,  0 1 -  0 2  = 1 , and R2- R = 50 feet , then the  angle  1 
a t  which pu l se  width l imi t ing  o c c u r s  is: 
Solving s imultaneously,  t he  pu l se  width l imi t ing  angle  0 1 -   1 l 0  
E) INTERFEROMETER BEAMWIDTH 
i h r  -- Genera l ,  w h e r e  0 = null  spac ing  i n  d e g r e e s  o r  
beamwidth 8 - s i n  2D 
f o r  small  8 
0 = )Ir. (57.4) 2D 
6 5  
